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ABSTRACT 
 
Chicory roots obtained from Cichorium intybus are commonly used to produce a caffeine-free 
coffee substitute. Although the crop has been produced in South Africa for many decades, the 
country still relies on imported chicory roots to meet its chicory needs, as satisfactory yields 
are often not achieved. The low yields are associated with the use of poor quality seed, which 
often results in poor crop establishment. In addition, there are limited options for weed control 
in chicory since only one herbicide is currently registered for use with chicory in South Africa. 
Chicory seeds vary in seed coat colour and research has indicated that seed coat colour maybe 
associated with seed quality of chicory. Results by various authors showed dark chicory seeds 
to have better performance than light coloured seeds however, contrary findings showing poor 
performance of dark coloured seeds compared to light coloured seeds have also been reported. 
There is a need to gain a deeper understanding of the possible association between seed coat 
colour variation and seed performance in chicory so as to come up with best management 
practises in order to obtain maximum crop establishment and optimum yields. The aim of the 
study was to evaluate the use of the image analysis in determining seed coat colour differences 
in chicory and to gain a deeper understanding of possible associations between seed coat colour 
variation and seed quality with respect to germination and vigour. In addition, the study 
assessed the effect of seed coat colour on germination, seedling growth and development of 
chicory in response to different priming solutions and durations.  Lastly, a field experiment was 
conducted to identify the optimal planting density of chicory with respect to seed coat colour 
and weed management strategies.  Seeds (cv. Orchies) were obtained from Nestle®, KwaZulu-
Natal. In the first experiment (chapter three) seeds were separated visually into eight seed 
colours and then separated and assigned to a certain group using an image analysis system. This 
analysis system indicated that two colour categories could be separated with respect to hue. 
These groups were categorized as light and dark coloured seeds.  Results also showed 
significant interactions (P < 0.05) between seed colour and seed quality test with respect to 
germination percentage and mean germination time. There were highly significant interactions 
(P < 0.001) between seed coat colour and seed quality test as detected by the germination 
velocity index (GVI) and imbibition time. Electrolyte leakage from the seeds was not 
significantly different (P > 0.05) between the seed colour groups. Results from chapter four 
showed osmo- and hydro-priming to improve seed quality of chicory through improvements in 
germination velocity index (GVI) and mean germination time (MGT). Osmo-priming resulted 
in relatively high improvements in seed quality compared with hydro-priming. Priming 
improved seedling establishment (mean emergence time (MET), seedling length, shoot length, 
 xii 
 
root length, fresh mass and, root/ shoot ratio). Results from the field trial showed the interaction 
of planting density, seed coat colour, and weeding method to be significant for total plot yield. 
This suggested that, no optimal crop stand exists with regards to weeding methods and seed 
coat colour. On the other hand, if the agronomic parameter of interest is biomass plot yield, the 
optimal plant density would be 200 000 plants ha-1. Herbicide application tended to reduce 
agronomic performance of dark coloured seeds.  
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CHAPTER 1 
GENERAL INTRODUCTION AND RESEARCH AIM 
1.1 Background 
Root chicory (Cichorium intybus L. var. sativum) is an erect perennial herb belonging to the 
Asteraceae family (Barcaccia et al. 2003). It is an important root crop cultivated in many parts 
of the world for the preparation of a coffee powder substitute due to its colour, taste and aroma 
(Bais and Ravishankar 2001; Muvamengwana 2004). In addition, roots are also used for the 
commercial production of inulin, a polysaccharide used as a sugar substitute (Silva 1996; Toneli 
et al. 2008). South Africa produces 8 500 tons of chicory roots, representing 2% of the total 
world production (459 848 tons) (DAFF 2017; FAOSTAT 2017). Agronomic practices in the 
country’s production environments show, that for higher yields, a plant population of 150 000 
plants ha-1 is required (Stapelberg and Coertze 1995); however, this is often not achieved due 
to poor seed quality (Corbinaeu and Côme 1990; Pimpini et al. 2002). In addition, weeds have 
an equally yield-reducing effect on plant growth and development (Everaarts 1993).  
 
Seed quality is a broad term which includes seed viability and vigour (Korkmaz et al. 2004). 
Shaban (2013) defined viability as the ability of the embryo to germinate. Meanwhile, seed 
vigour is defined as those properties that determine the potential for rapid, uniform emergence 
and development of normal seedling under a wide range of field conditions (AOSA 1983; 
Korkmaz et al. 2004). Several factors affect seed quality, such as environmental conditions 
during seed development, harvesting and handling procedures as well as conditions in which 
the seeds are stored (Corbinaeu and Côme 1990; Pimpini et al. 2002). Generally, seeds of poor 
quality have erratic emergence and fail to establish uniform crop stands, consequently resulting 
in low productivity (Ghassemi-Golezani et al. 2010).  
 
Research indicates that seed colour can be associated with seed quality (Powell 1989; Peñaloza 
et al. 2005; Atak et al. 2008; Atis et al. 2011). Seed colour in C. intybus varies from dark brown, 
straw-coloured and mottled to pale brownish (Minnar 1984). Variation in seed colour in chicory 
may be influenced by the position of the inflorescence (capitulum), environmental conditions 
at maturity, seasonal variation and genetic characteristics of the mother plant (Minnar 1984). 
Contradictory reports exists with regards to seed colour and germination capacity in chicory. 
Dark chicory seed were reported to perform better than light-coloured seeds with regards to 
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seed germination (Adlakha and Chhibber 1963; Minnaar 1984; Pimpini et al. 2002). On the 
other hand, findings by Corbineau and Côme (1990) demonstrated poor germination of black 
chicory seeds compared with light-coloured seeds. Seed colour has been found to influence the 
rate of imbibition (Chachalis and Smith 2000; Lui et al. 2007; Ertenkin and Kirdar 2010) and 
solute leakage (Pekşen et al. 2004; Mavi 2010; Atis et al. 2011). Research by Srimathi and 
Malarkodi (2002), Zhang et al. (2006), Hosamani et al. (2013) and Durga et al. (2014), 
suggested that seed colour might be associated with aging of seeds. A relationship between seed 
colour and seedling emergence was established by Zhang et al. (2013), Yuyama and Silva Filho 
(2003) and Zondi (2012).  Despite these reports, very little information exists on the relationship 
between seed colour and seed quality in chicory. Several studies have established a close 
relationship between seed colour and field emergence in Cichorium intybus L. var. foliosum 
(witloof chicory), Brassica juncea L. (mustard) Brassica napus (sesame), and Vigna 
subterrarea (L.) Verdc (Bambara) (Kruistum et al. 1994; Charjan et al. 2012; Zhang et al. 2013; 
Mabhaudhi et al. 2013). Research further indicates that differences in seed colour maybe 
associated with variation in seedling growth (Yuyama and Silva Filho 2003; Atak 2008; 
Charjan et al. (2012); Karivarhadaraaju et al. 2001. Reports have also suggested that seed colour 
may be associated with crop growth and yield. This was supported by Mabhaudhi et al. (2013) 
on Bambara, Ikhajiagbe and Mensha (2012) on Splenostylis stenocarpa (African yam) and 
Talukdar (2011) on Lathyrus sativus L (grasspea). 
 
Seed priming methods are commonly employed to enhance seed quality of existing seed lots. 
It is a pre-sowing treatment which involves the hydration of the seeds to a point where 
germination is initiated, although radical protrusion does not takes place, it improves 
germination and early seedling growth (Bradford et al. 2007; Mabhaudhi and Modi 2011). 
Moreover, seed priming also enhances seed tolerance to unfavourable environmental conditions 
(Ghobadi et al. 2012). Seed priming methods include soaking in water (hydro-priming), soaking 
in low water potential solutions (osmo-priming) (Sharma et al. 2014) and incorporation of plant 
growth regulators (hormonal-priming) (Ghobadi et al. 2012). Soaking in salt solution (halo-
priming), treating seeds with low or high temperatures (thermo-priming), treatment of seeds 
with solid matrices (solid matrix priming) (Tzortzakis 2009) are other priming methods used. 
Soaking seeds in solutions containing limiting nutrients (nutrient priming), soaking seeds in 
natural or synthetic chemical compounds (chemical priming), fungicide seed soaking (priming 
with fungicides), pre-treatment of seeds with thiol compounds (redox-priming), nutrient 
priming and hydration of seeds using biological compounds (bio-priming) (Jisha et al. 2013) 
have also been reported as successful methods. Hydro priming, osmo priming and hormonal 
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priming have been reported to improve germination and seedling properties in chicory (Sambo 
et al. 2004; Tzortzakis 2009; Mohammand et al. 2010 Dehkordie et al. 2012). Sinefu et al. 
(2011) associated a positive response to seed priming with seed colour in bambara. Seed 
priming methods have been used successfully in many other crops and the possibility of 
establishing a relationship between seed colour and priming will generate useful information to 
promote crop establishment. 
 
One management practice that is of utmost importance to enhance root chicory production, is 
effective weed management. In the event of weed infestation, chicory can be regarded as a poor 
competitor for resources, due to its slow growth habit, particularly during the first two months 
after planting (Stapelberg and Coertze 1995). Chicory is also reported to be susceptible to most 
herbicides, mainly because it belongs to the Asteraceae family of plants and is therefore, related 
to many weed species (Wilson et al. 2004). Additionally, chicory is considered both a root crop 
and a leaf vegetable, because the plant has a variety of uses herbicide registration for chicory is 
a challenging exercise (Wilson et al. 2004). Weed competition in chicory is minimized by 
applying pre-emergence herbicide, benfluralin (Balan®), which is currently the only registered 
herbicide in South Africa and/or by hand weeding and hand hoeing (Stapelberg and Coertze 
1995). An integrated approach of herbicide and hand-weeding can provide more effective weed 
control in root crops such as chicory. 
 
In South Africa, one of the biggest challenges in chicory production is that seeds are commonly 
of unknown quality and, therefore, produce variable plant stands (Minnar 1984). Based on 
previous findings, seed quality can be considered as one of the major factor for determining 
optimal plant stands in chicory. The role of seed colour on growth and yield may possibly 
suggest that subsequent crop growth and yield in chicory could be related to seed colour as well. 
To improve South African yield levels of chicory, the impact of low seed quality on chicory 
production highlights the need to further investigate the connection between seed colour and 
seed quality as well as the need to limited weed competition.  
 
1.2 Research aim 
The aim of the study was to lay a foundation for improving chicory management practices; in 
particular the relationship between seed colour and seed quality and their effect on management 
practices evaluated.  
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1.3 Research objectives  
Low quality seed obtained by South African chicory farmers has resulted in poor crop 
establishment and low yields. Chicory seeds differ in colour and seed colour is one of various 
factors influencing seed quality. Thus, it is important to determine if differences in seed colour 
can be aligned with seed quality characteristics of chicory. Seed priming has been shown to 
improve seed performance in chicory and perhaps a positive response to priming is correlated 
with seed colour. In order to come up with the best management practices for chicory, there is 
a need to establish the potential effects of seed colour on the growth and development of chicory 
as well as to determine the best weeding practices for chicory, since only one herbicide is 
registered for the crop in South Africa. Therefore, the study considered most of the significant 
limitations to improving chicory production in South Africa, trying to establish 
recommendations for weed management by determining the effects of seed colour in various 
aspects of chicory production. In particular, the following areas were addressed:  
 
 The possible associations between seed colour and seed performance with respect to 
imbibition, germination capacity and vigour. 
 The response of chicory seeds varying in seed colour on seed priming methods and 
duration with respect to germination, seedling emergence, seedling growth and 
development. 
 Assessment of the effects of seed colour and plant population on canopy characteristics, 
chicory biomass and biomass plot yield and root yield related parameters. 
 The effects of two weed management methods on canopy characteristics, chicory 
biomass and biomass plot yield and root yield related parameters. 
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CHAPTER 2 
 LITERATURE REVIEW  
 
2.1 Chicory history and importance 
Chicory cultivation can be traced back to the ancient Egyptians, who cultivated chicory as a 
medicinal plant, as coffee substitute, as a vegetable crop and occasionally for use as animal feed 
(Street et al. 2013). Root chicory is today predominantly grown for production of coffee powder 
in Belgium, India and South Africa. The roots are cut into slices, dried and roasted and 
powdered in a form of granules (final product). The coffee powder may be used on its own as 
a coffee substitute or mixed with coffee beans (Bais and Ravishankar 2001). Chicory roots can 
also be grown for commercial production of inulin, a polysaccharide composed of a chain of 
fructose molecules. Due to its low-calorie value, inulin is used mainly by food industries as a 
sugar substitute (Silva 1996; Toneli et al. 2008). Chicory has also been reported to possess 
several medicinal properties (Kocsis et al. 2003; Pushparaj et al. 2007; Muthusamy et al. 2008; 
Mulabagal et al. 2009). In South Africa, roots are not only roasted to make a coffee substitute, 
but also used to make tea to treat jaundice and for the preparation of chicory syrup, which is 
often used as a tonic and purifying medicine for infants (Street et al. 2013). 
2.2 Botanical description 
Chicory is an erect perennial herb, growing mainly vegetatively during the first year, when it 
produces a rosette of broad leaves and a fleshy tap root that can grow up to 75 cm deep (Hare 
et al. 1990; Bais and Ravishankar 2001). During the second year, the plant flowers and seed 
production takes place (Street et al. 2013). The plant has broad oblong, oblanceolate or 
lanceolate leaves, which are crowded at the base, forming a rosette of six to eight leaves 
arranged spirally on a stem. The stems are angled or grooved consisting of spreading branches 
(Druat et al. 2000; Bais and Ravishankar 2001). During the first year of development, three 
growth phases occur in chicory. The first phase is the juvenile phase, consisting of structural 
growth forming a long primary root during the first two months, followed by the mature phase, 
characterized by radial growth, resulting in the formation of the tuberized root. This tuberized 
root develops due to extensive synthesis and accumulation of fructans at two to two and a half 
months old with maximum root thickening when the plant is four to five months old. This is 
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followed by the senescence phase, characterized by a decline in shoot growth and the cessation 
of fructan accumulation and N-compound accumulation in the root tuber (Stapelberg and 
Coertze 1995; Améziane et al. 1997; Druart et al. 2000). Chicory roots contain a thin outer 
covering that is brownish-yellow enclosing the white storage root. The central part of the roots 
contain a portion of the xylem together with various vessels (Ali 2013). The dry matter of the 
root consists up to 75-80% fructans (Améziane et al. 1997). Once overwintered, the plant 
develops an inflorescence that carries florets consisting of blue, lavender and occasionally 
white flowers containing 15 to 25 single flowers (Póvoa et al. 2011).  Harvesting of roots is 
usually carried out 20 to 28 weeks after planting (Wilson 2013). Seeds are harvested 60 days 
after the appearance of first flowers (Bais and Ravishankar 2001). Seeds may be dark brown, 
straw-coloured, mottled or pale in colour and are 2-3 mm long; the seed cannot be separated 
from the pericarp and, therefore the entire seed is an achene (Minnar 1984). 
 
Figure 2.1: (a) Different seed colours in chicory (http://www.plants.usda.gov), (b) root chicory 
(http://www.cargil.com) 
 
2.3 Agronomic requirements 
Chicory requires a hot and humid climate and does well in calcareous, deep, fertile loam soils 
with a slight excess of clay (Stapelberg and Coertze 1995; Bais and Ravishankar 2001). Land 
preparation is crucial in chicory; seeds require a fine, level and firm seedbed (Schoeman 2010). 
The crop is usually planted using vegetable seed drills at shallow depth, not more than 1.5 cm 
due to its sensitivity to deeper planting. The crop can either be grown on ridges or flat rows 
(Stapelberg and Coertze 1995). A minimum temperature of 21 ̊C ensures successful 
germination while optimal temperatures between 18-24 ̊C are favourable for plant growth 
(Madani et al. 2004). Chicory requires a soil pH of 4.5-8.3 and its plant growth is greatly 
(a) (b) 
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influenced by soil pH, as this has an effect on nutrient availability (Bais and Ravishankar 2001; 
Street et al. 2013). The crop has a high potassium requirement, while root yield maybe 
improved by the application of manure (Bais and Ravishankar 2001). In order to transit from 
the vegetative to the reproductive stage, chicory requires chilling for about 90 days (Madani et 
al. 2004). In South Africa chicory can be planted during March to April, May to June, June to 
August and September to October, depending on the availability of moisture (NDA 2012). The 
recommended spacing is 60 cm to 80 cm between rows on no-ridged land; when planting on 
ridges the recommended spacing is not closer than 60 cm (Stapelberg and Coertze 1995). 
Thinning is carried out at four weeks after planting and a plant spacing of 20 to 25 cm is 
maintained between plants (Bais and Ravishankar 2001). 
2.4 Worldwide production and cultivation of chicory in South Africa 
Global production of chicory roots in 2013 was approximately 498 209 tons from a harvested 
area of 18 752 ha. The top five root chicory producing countries are Belgium (302 902 tons), 
France (51 100 tons), Netherlands (49 100 tons), Poland (24 120 tons) and South Africa (8 500 
tons) (FAOSTAT 2017). In South Africa, the crop is grown on approximately 1 200 ha 
(Heraldlive 2016). Chicory is grown principally for its roots (Straatman et al. 1968). The crop 
was first cultivated commercially in 1985 in the Alexandria District of the Eastern Cape 
Province, South Africa (Orchard and Van Rooyen 1953; Young 1959; Straatman 1968). None 
of South Africa’s chicory is exported; the locally produced chicory is only enough to supply 
the local coffee manufactures. This is despite the fact that South Africa is also one of the top 
five chicory consumers in the world (Kigozi 2003; Muvamengwana 2004). Nestlé, one of South 
Africa’s leading manufacturer of coffee granules has since partnered with the South African 
government in an initiative to increase and extend chicory production in other provinces. The 
Province of KwaZulu-Natal has managed to establish a small scale chicory farming project, 
with the aim of empowering emerging local farmers in chicory production skills as means of 
income generation. According to the KwaZulu-Natal Department of Agriculture and 
Environmental Affairs, local chicory farmers were able to supply 449 tons of raw chicory to 
the Escourt factory which produced 90 tons of roasted chicory in the year 2010 (Baloyi 2011). 
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Figure 2.2: The three chicory growing districts in the Eastern Cape Province of South Africa 
are Alexandria, Albany and Bathurst (Kigozi 2003) 
 
 
Figure 2.3: Chicory production area in the KwaZulu-Natal Province of South Africa: chicory 
production area (Mashele 2014, personal communication 2014) 
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2.5 Seed quality 
2.5.1 Imbibition 
Imbibition, the process of water uptake and swelling by the dry seed (Hershey 2010), is an 
essential step towards the initiation of biochemical changes leading to germination (Siddiqui 
and Khan 2010). During imbibition, the seed undergoes three main stages. Stage one is rapid 
water uptake, followed by the second stage, the plateau stage which, involves the initiation of 
nucleic acids and protein synthesis, thus preparing for the emergence of the radicle. The final 
stage of germination is the shortest stage in which the seed rapidly absorbs water resulting in 
cell enlargement as well as the elongation and emergence of the radicle (Sivritepe and Duorade 
1995; Harb 2013). Among several important functions, the seed coat plays a role in the 
regulating of the imbibition process (Souza and Marcos Filho 2001). The seed coat provides 
protection to the seed by acting as a barrier to water penetration when excess water surrounds 
it or when the seed is exposed to imbibition stress. In soybean, McDonald et al. (1988) showed 
that, the seed coat assists in the tangential and radical movement in the embryo thus enabling 
the movement of water around the seed in such a way that both cotyledons are hydrated evenly. 
During imbibition, various substances such as amino acids, organic acids, sugars, phenolics, 
phosphate and potassium ions, gibberellic acid and proteins are leached out of the seeds (Ashraf 
and Nisar 1998). High water uptake causes imbibition damage, causing as high leakage of 
solutes from the embryo lead to the disruption of cell membranes (Powell and Matthew 1978).  
In addition to imbibition damage, high solute leakage provides an ideal medium for the 
development of pathogens on and around the seeds, leading to poor stand establishment 
(Nordin 1984; Perera and Cantliffe 1991; Tajbakhsh 2000). In species such as beans and peas 
(Rowland and Gusta 1977; Powell and Matthew 1978), Glycine max (soybeans) (Oliveira et al. 
1984), Brassica oleracea (cauliflower) (McCormac and Keefe 1990) and Solanum 
lycopersicum (plum tomatoes) (Chachalis et al. 2008) imbibition damage was found to reduce 
germination and emergence, and increase the susceptibility of seeds to borne fungi. Therefore, 
such seeds have low viability and vigour (Woodstock 1988; Pekşen et al. 2004). Contrary to 
seeds with high water intake, seeds imbibing slowly are characterised by slight imbibition 
damage and have a high emergence (Matthew and Powell 2006).  
 
Research suggests, that the rate of imbibition is closely associated with seed coat colour. In 
legumes (Powell 1989; Legese and Powell 1996), cowpea (Pekşen et al. 2004) and many other 
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crops (Gleditsia triacanthos (honey locust) (Ertekin and Kidar 2010), Cyamapsis 
tetragonoloba (guar) (Lui et al. 2007), Brassica napus (rapeseed) (Zhang et al. 2008), Citrullus 
lanatus (watermelon) (Mavi 2010) and Trifolium pratense (red clover) (Atis et al. 2011), seeds 
varying in seed coat colour were found to differ in their rate of water uptake. Pekşen et al. 
(2004) suggested, that seed coats of coloured, cowpea adhere close to the cotyledons, therefore, 
allowing slow water uptake while seed coats of white, cowpea allow rapid water uptake due to 
their loose seeds coats. In guar seeds, seed coat permeability was higher in black coloured seeds 
than in light coloured seeds (Lui et al. 2007). Permeable seed coats hold water between the 
seed coat and the cotyledons. Seeds with reduced permeability are found to have water only in 
the cotyledons (Powell 1989). Powell (1989) further established that pigmented pea seeds with 
genotype AA had slow water uptake compared with white seeds of the AA genotype which 
imbibed rapidly. He therefore, suggested the speed of water uptake to be heritable. Slow water 
uptake has also been correlated with seed pigmentation due to phenolic compounds in rape 
seed. Yellow-coloured rape seeds, with low melanin concentrations displayed higher water 
uptake than red or black coloured seeds which showed slow water uptake thus reducing solute 
leakage and imbibition damage (Zhang et al. 2008). Despite these findings, Singh et al. (1992) 
failed to establish a relationship between seed coat colour and imbibition in Arachis hypogaea 
(ground nut).  
2.5.2 Electrical conductivity 
Solutes leaked during imbibition are measured using the electrical conductivity test (Powell 
1986; Khan et al. 2003) to identify seeds with high germination potential, which is aligned with 
the ability to leach a high number of solutes during imbibition therefore such seeds are not able 
to tolerate stressful conditions and are rated as low vigour seeds. On the other hand, vigorous 
seeds have a high germination percentage together with low solute leakage and are able to 
tolerate stressful conditions (Pekşen 2004). Rapid water uptake during early imbibition leads 
to the disruption of cellular membranes; however, cellular membranes of vigorous seeds are 
quickly re-established resulting in lower solute leakage than less vigorous seeds (Sørensen et 
al. 1996; Tajbakhsh 2000). Low quality seeds fail to re-establish membrane integrity 
consequently leaking more solutes. Solutes leaked from the seed act as electrolytes contributing 
to the electrical conductivity of water (Sørensen et al. 1996). According to Powell (1986), 
factors contributing to high solute leakage include the stage of maturity at harvest time, the 
degree of seed ageing as well as the incidence of imbibition damage. Data from previous 
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research on faba beans (Pekşen 2007), soybean (Khaliliaqdam et al. 2013), chickpea (Anuradha 
et al. 2009), horse gram (Singh et al. 2009), and pea seeds (Pekşen 2004) showed associations 
between seed coat colour and solute leakage during imbibition. Researchers have further 
reported the different relations between high solute leakage, reduced field emergence and seed 
coat colour in various plant species. For example, in an experiment conducted by Sinefu et al. 
(2011), white bambara seeds displayed higher solute leakage than red and brown seeds, which 
later corresponded with lower field emergence of white seeds. Pekşen et al. (2004) also reported 
high solute leakage and reduced field emergence in white-seeded cowpeas compared with 
coloured types. Similarly, yellow watermelon seeds were found to have higher solute leakage 
and a reduced emergence compared with brown and light-brown seeds (Mavi 2010). Uniform 
(dark grey) Crotalaria juncea L. (sunn hemp) seeds were reported by Pasculides and Ateca 
(2013) to have lower solute leakage and a higher emergence rate than variegated (brown 
spotted) seeds. However, no association between high solute leakage, reduced field emergence 
and seed coat colour was found in red and white common bean seeds (Borji et al. 2007). 
2.5.3 Germination   
Germination determines the potential of seedling emergence and establishment (Tylor et al. 
1993), hence ensuring successful crop production (Atak et al. 2008). Seed coat colour has also 
been reported to play a role in germination. Dark chicory seeds were reported by Pimpini et al. 
(2002) to have faster and higher uniformity of germination than light-coloured seeds. Minnar 
(1989) found a lower germination percentage in white coloured chicory seeds compared with 
dark-coloured seeds. On the contrary, findings by Corbineau and Côme (1990) showed poor 
germination in black chicory seeds compared with light-coloured seeds. Several authors have 
also reported better germination in dark seeds in other species. For example, Lui et al. (2007) 
observed in guar, Agneiszka and Hoɫubowicz (2008) in Viola tricolor ssp. hortensis, Mavi 
(2010) in watermelon and Zhang et al. (2013) in canola seeds a higher germination percentage 
of dark seeds compared with any other seed colour. Furthermore, higher germination was 
observed in yellow honey locust seeds than dark seeds (Ertekin and Kidar 2010). In cowpea, 
Sinefu et al. (2011) found higher germination in brown and red cowpea seeds than in white 
seeds. In addition, light brown and reddish Atriplex cordobensis seeds were reported by Aiazzi 
et al. (2006) to have a higher germination percentage than dark brown-seeds. The variation in 
the germination capacity of seeds varying is seed colour has been associated with differences 
in seed maturity at harvest. Corbineau and Côme (1990) reported that black endive seeds, 
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contained a high percentage of incompletely developed embryos, while light-coloured 
contained well-developed embryos. Immature and non-viable embryos were found by Aiazzi 
et al. (2006) in dark brown Atriplex cordobensis seeds, while a high percentage of mature 
embryos were found in light-brown and reddish seeds. In pansy seeds, Agneiszka and 
Hoɫubowicz (2008) reported light-coloured seeds to have small embryos and some had none at 
all. According to Zhang et al. (2013) in canola, seeds from the main stem become mature earlier 
than those on branches and seeds from the bottom of basal stem position become mature earlier 
than those of the apical stem position consequently resulting in seed of different maturity stages 
and also seed coat colours. 
2.5.4 Seed aging 
The seed ages after reaching physiological maturity and continues aging during storage; this 
aging results in the loss of viability and vigour due to changes in biochemical and physiological 
procecess (Ghassemi-Golezani et al. 2010). Genetic constitution, storage conditions and seed 
physiological status determine the rate at which seeds age (Al-Maskri et al. 2003).  The major 
cause of aging is lipid peroxidation (Murthy et al. 2003; Tian et al. 2008; Balešević-Tubić et 
al. 2011; Lubudda 2013), a process in which oxidants, such as free radicals attack lipids 
containing carbon-carbon double bonds (Ayala et al. 2014). Apart from lipid peroxidation, seed 
aging influences enzyme inactivation, protein degradation, cellular membrane disruption, as 
well as damages to nucleic acid integrity (Khan et al. 2003; Al-Maskri et al. 2003; Murthy et 
al. 2003). 
 
Studies have evaluated the influence of seed coat colour on seed storability, for example Singh 
et al. (2009) and Durga et al. (2014) found improved storability in light-coloured horse gram 
seeds compared with dark-coloured seeds. Seed coat colour was reported to affect storability 
in soybean (Zhang et al. 2006) and Vigna umbellata (rice bean) (Srimathi and Malarkodi 2002). 
Zhang et al. (2006) suggested that the pigmentions of black soybean seeds might play a role in 
protecting seeds against aging. The accelerated aging test is used as one of the assessments to 
determine the potential seed storage (Balešević-Tubić et al. 2011) due to its ability to induce 
lipid peroxidation (Sung and Jeng, 2006) through seed exposure to high temperatures and high 
relative humidity (Santos et al., 2011). When submitted to the accelerated aging test, results 
showed that yellow and purple-coloured maize seeds had a higher germination percentage and 
higher vigour compared with orange, white and light orange seeds; this was associated with 
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higher amount of antioxidants found in yellow and purple seeds (Selvi et al. 2014). Accelerated 
aging of pea seeds leads to a decreased germination percentage in light and medium-coloured 
seeds compared with dark-coloured seeds (Atak et al. 2008). In addition, exposure of un-
pigmented cowpea seeds to accelerated aging was reported by Asiedu et al. (2000) to result in 
higher deterioration through reduced germination and sensitivity to imbibition damage than in 
pigmented seeds. This was linked to chemical compounds present in pigmented seeds. 
Kharlukhi (2013) found colour not be aligned with storability following the the accelerated 
aging test in purple and yellow-coloured maize seeds. 
2.5.5 Seedling emergence 
According to Arnold et al. (1990) seedling emergence is the first appearance of a fully 
expanded leaf on the soil surface. Forcella et al. (2000) described seedling emergence as an 
important phenological event influencing the success of an annual plant. Successful seedling 
emergence is influenced by seed quality, which later affects plant stand establishment and yield 
potential (Rajal 2011). Seed of poor quality emerge erratically and fail to establish under field 
conditions, consequently resulting in low productivity (Ghassemi-Golezani et al. 2010). High 
quality seeds emerge rapidly and uniformly, resulting in enhanced seedling emergence and the 
production of vigorous plants, thus achieving optimal plant stands under various environmental 
conditions (Eskandari 2012). Several researchers have reported a strong influence of seed 
quality on seedling emergence in Gossypium hirsutum (cotton) (Wheeler et al. 1997; Ghassemi-
Golezani et al. 2010), Hordeum vulgare (barley) (Rajal 2011) and Glycine max (soybean) 
(Diniz et al. 2013).  
Pedersen and Toy (2001) also reported higher seedling emergence in red sorghum. Black 
canola seeds were found to have higher emergence percentage than dark-and light-brown seeds 
(Zhang et al. 2013). Charjan et al. (2012) made similar observations on the superiority of black 
seeds with regards to seedling emergence in black Brassica nigra L. (mustard) seeds and 
Omokanye (1996) described similar results in black horse gram seeds. Saeidi & Rowland 
(1999) reported that brown Linum usitatissimum (flax) seeds had higher field emergence than 
yellow seeds. Additionally, differences in seedling vigour has been reported for different 
coloured horse gram (Singh et al. 2009) as well for Emblica officinalis L. (Indian gooseberry) 
seeds (Karivarhadaraaju et al. 2001). 
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2.6 Seed priming 
To enhance different aspects of germination and seed vigour, seed priming methods have been 
established for use in many horticultural crops (Farooq et al. 2007; Khan et al. 2011). Seed 
priming enhances germination and seedling growth through the process of hydrating and 
dehydrating seeds (Modi, 2005). Primed, seeds have completed the first two phases of 
imbibition and once rehydrated for sowing they immediately enter stage III, radicle emergence 
and seedling growth. The shortening of the time required for imbibition enhances seed 
performance by mobilizing storage proteins and activating or resynthesizing certain enzymes 
(Jisha et al. 2013; Sharma et al. 2014). Priming also induces other biochemical changes, like 
DNA replication, enhanced protein and RNA synthesis and reduced metabolite leakage 
(Hussain et al. 2013).  
 
Several researchers have successfully primed chicory, for instance; Sambo et al. (2004) 
reported a higher germination percentage in response to hydro-priming. Osmo-priming 
improved chicory germination percentage, germination index and increased seedling length 
(Derkodhi et al. 2012). Osmo-priming experiments resulted in higher germination (Sambo et 
al., 2004) and in rapid germination and emergence (Tzortazakis 2009). In addition, Tzortazakis 
(2009) found hormonal priming to affect germination and emergence positively. Research by 
Mohammand et al. (2010) found improved germination and seedling properties in response to 
hormonal-priming.   
 
Seed variation due to seed coat colour has been reported to affect germination (Minnar 1989; 
Corbineau and Côme 1990; Pimpini et al. 2002) and emergence (Kristum et al. 1994) in 
chicory.  A study done by Sinefu et al. (2011) showed that white bambara seeds responded 
better to halo-priming and, therefore, displayed higher germination and emergence under water 
stress conditions compared with red and brown seeds. When comparing white and dark-red 
maize landraces following hydro-priming, Mabhaudhi (2009) found brown seeds to respond 
better than white seeds with regards to germination, whereas white seeds performed better than 
dark-red seeds with regard to seedling vigour traits; however, information describing whether 
variation in seed coat colour affects seed response to priming is still limited. 
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2.7 Crop growth  
Hunt (2003) defined growth as an irreversible change in size, form and number with time. Suk 
et al. (2011) on the other hand described growth as a quantitative change of the plant involving 
an irreversible increase in size of tissues, organs and mass. Growth analysis allows to 
understand how processes such as photosynthesis contribute to growth and yield components 
(Lolliffe et al. 1982). In chicory, growth is generally measured by number of leaves, plant 
height, leaf area index, root weight, yield and biomass (Zafarbakhsh et al. 2011; Panahandeh 
et al. 2012; Madani 2012). 
2.7.1 Leaf number 
Leaves are important plant organs because they capture sunlight to produce carbohydrate 
during the process of photosynthesis. Carbohydrates produced during photosynthesis supply 
the plant with dry matter which is later allocated to vegetative and reproductive parts of the 
plants. Photosynthesis depends on the absorption of light by pigments in the leaves and on the 
acquisition of light by the plant is affected by leaf number. A low leaf number reduces light 
absorption and biomass production thus, have a negative influence on yield (Xiao et al. 2004). 
The number of leaves per plant is affected by seed colour. According to Talukdar (2011) leaf 
numbers of whitish-yellow seed of Lathyrus sativus (grass pea) plants were higher than those 
of black seeds. Ikhajiagbe and Mensah (2012) on the other hand found no influence of seed 
colour on leaf number per plant grown from black, brown and light grey Sphenostylis 
stenocarpa (African yam bean) seeds. Under water stress conditions the lowest leaf number 
was reported on red bambara landraces compared with light-brown and brown landraces 
(Mabhaudhi et al. 2013).  
Plant population also affect leaf numbers in chicory production. Lower plant populations tend 
to have a higher leaf number than higher plant populations. A report by Asghari et al. (2009) 
showed that plant population of 60 000 plants ha-1 produced the highest leaf number in chicory 
compared with plant stands of 90 000 and 120 000 plants ha-1. This increase in leaf numbers 
was attributed to increased shoot production due to increased light absorption, compensating 
for low plant stands. Leaf numbers per plant were to reported to increase in low plant 
populations of root crops such as Raphanus sativus (radish) (Lavanya et al. 2004; Eldusuki et 
al. 2005), Daucus carota (carrot) (Dawuda et al. 2011; Kabir et al. 2013) and Beta vulgaris 
(sugar beet) (Khaiti, 2012). Contrary to that, higher populations of witloof chicory were found 
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by Zafarbakhsh et al. (2011) to produce the highest total number of leaves at an intra-row 
spacing of 20 cm compared with 25 and 30 cm spacing. 
2.7.2 Plant height  
Plant height is described by Pérez-Harguindeguy et al. (2013) as the distance between the upper 
boundary of the main photosynthetic tissue on a plant and the ground. Plant height plays an 
important role in determining light interception. Taller plants are reported to be more 
competitive for light interception than shorter plants (Yan et al. 2012).  
Talukdar (2011) reported that plant height was also associated with seed colour in grass pea 
mutants. Plants of whitish-yellow seeds were taller than plants of black seeds. Plants produced 
from black African yam bean seeds were reported by Ikhajiagbe and Mensah (2012) to be taller 
than plants from brown and light grey seeds. A reduction in plant height of red bambara 
landraces compared with light-brown and brown seeds under water stress conditions was also 
reported by Mabhaudhi et al. (2013). A taller height of plants from cream bambara seeds 
compared with plants from red and black seed was observed by Onwubiko et al. (2011). Yao 
et al. (2010) found taller plants from brown Chenopodium album (lamb’s quarters) seeds 
compared with those from black seeds under saline conditions. Taller plants in black Phaselous 
vulgaris (dry bean) seeds were also reported by Guimarães et al. (1989) compared with plants 
produced from beige seeds.   
  
Plant population also has an effect on chicory plant height. Madani et al. (2012) observed 
differences of plant height in chicory stands of 160 000, 320 000 and 480 000 plants ha-1. 
Seghatoleslami et al. (2014) found reduced plant height in high chicory stands (125 000 plants 
ha-1) compared with low plant stands (50 000 plants ha-1). Competition for nutrients and other 
resources was recognized as the main factor for reduced plant height. Different observations 
have been reported in carrot; Dawuda et al. (2011) observed no influence of plant population 
on plant height whereas, Bezerra Neto et al. (2005) and Kabir et al. (2013) found taller plants 
in high carrot stands. Taller plants in high carrot stands were associated with sufficient space 
for vegetative growth and less competition for nutrients (Kabir et al. 2013). An increase in 
plant height was reported by El-Dusuki et al. (2005), Bilekudari et al. (2005) and Lavanya et 
al. (2014) in higher compared with lower plant population of radish. The increased plant height 
in radish was attributed to limited space for lateral growth (El-Dusuki et al. 2005; Lavanya et 
al. 2014). 
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2.7.3 Leaf Area Index 
Aboelghar (2011) defined leaf area index as the total one-sided leaf area per unit ground area. 
Processes within and below the canopy’s microclimate, canopy water interception, loss of light 
energy, water and carbon exchange are determined by leaf area index (Bréda 2003). In crop 
growth, leaf area index is used as a reference tool for estimating photosynthesis capacity of a 
crops (Lan et al. 2009) and is critical for understanding roles of many crop management 
practices (Campillo et al. 2010). A high leaf area index is driven by the rate at which new leaves 
appear and enlarge, as well as the period over which they are retained by the plant (Lemaire et 
al. 2008). The capture of light energy within the canopy and dry matter production increases 
by increasing leaf area index, therefore, a low leaf area index reduces dry matter production, 
ultimately decreasing yield (Dalirie et al. 2010). 
 
Mabhaudhi et al. (2013) failed to establish a relationship between seed colour and leaf area 
index in red, light-brown and brown bambara seeds. Ikhajiagbe and Mensah (2012) reported 
differences in leaflet area index in black, brown and light grey African yam seeds. Plants 
produced from brown seeds had the highest leaflet area and light-grey seeds produced the 
lowest leaflet area.  
 
Plant population has an important effect on vegetative growth of plants hence, the leaf area 
index. A high leaf area index with increasing plant stands has been reported in several crop 
species. For instance, this was shown in sugar beet (Hussain and Field 1991; Pospišil et al. 
1999; Çakmaski and Oral 2002), Colocasia esculenta (taro) (Tumuhimbise et al. 2009), 
Manihot esculenta (cassava) (Streck et al. 2014), Vigna unguiculata (cowpea) (da Lacerda et 
al. 2011; Soratto et al. 2012) and Zea mays (maize) (Remison and Lucas 1982; Hassan et al. 
2007; Lui et al. 2010). However, increasing the plant population from 125 000 to 500 000 
plants ha-1 in chicory did not affect leaf area index (Panahandeh et al. 2012). 
 
2.7.4 Yield parameters and yield 
Studies have shown that there is a relationship between seed colour and mass of harvested plant 
organs in several crops. For example, Onwubiko et al. (2011) reported higher mass of fresh 
pods in cream than in red and black bambara seeds. Research by Sabatino et al. (2014) reported 
the highest fruit mass in fruit produced from light brown Lagenaria siceraria (sicilian bottle 
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gourd) than from grey white and brown seeds. In black seeded cowpeas, higher pod mass was 
found compared with white seeded plants (Peksen 2004).  
 
Varying plant stands affect storage root mass in chicory.  Several authors have reported a 
decreased root mass and size, with increasing plant stand density. For instance, the highest root 
mass was recorded in the lowest stand of 125 000 plants ha-1 compared with 250 000 and 
500 000 plants ha-1 (Panahandeh et al. 2013). Madani et al. (2012) found heavier roots at 
160 000 at 320 000 and 480 000 plants ha-1.  Findings by Zafarbakhsh et al. (2011) showed the 
highest root mass at an intra-row spacing of 30 cm compared to 25 cm and 20 cm. Similar 
findings have been reported in sugar beet (Ali 2004; Hozayn et al. 2013), and carrot (Kabir et 
al. 2013). In sugar beet, Hozayn et al. (2013) explained that low plant stand density allow 
optimum use of soil and other resources due to less interplant competition. Ideal chicory roots 
should weigh 250 to 400 g, as smaller roots may not be accepted by the processor. 
 
Good quality seeds are known to improve crop yields by producing vigorous plants and optimal 
plant stands under various environmental conditions. Several studies have established a 
relationship between seed colour and crop yield. For instance, black African yam bean seeds 
were found to produce higher grain yield than light grey and brown seeds (Ikhajiagbe and 
Mensah 2012). Guimarães et al. (1989) reported dry bean yields to be affected by seed coat 
colour, with light beige seed producing higher yields than beige seeds. Seed coat colour was 
also associated with yield per plant in Sesamum indicum (sesame) seeds (Khidir and El Gizouli 
Osman 1970). Findings by Yao et al. (2010) showed that brown Chenopodium album (lamb’s 
quarters) seeds produced higher total seed output than black seeds grown under various saline 
concentrations. Very small effects of seed coat colour in chickpea yields were observed by 
Knights and Mailer (1989). Bambara landraces differing in seed colour produced under 
different water regimes were found not to differ in yield (Mabhaudhi et al. 2013). 
 
Space occupied by the roots in the soil affects root growth, which, in turn, influences yield in 
crops. Therefore, plant population critically influences root size and yield of root crops. 
According to Meijer and Mathijssen (2014) plant stands are among important factors affecting 
variation of root yield in chicory. Research by Madani et al. (2012) on chicory reported that 
the lower plant stand (160 000 plants ha-1) produced higher yields than closer plant stands 
(320 000 and 480 000 plants ha-1).  Meanwhile, Panahande et al. (2012) found no differences 
in yield between plant stands of 500 000, 250 000, 166 700 and 125 000 plants ha-1. In other 
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root crops, such as radish (El-Dusuki et al. 2005; Lavanya et al. 2014), carrot (Evers et al. 1997; 
Dawuda et al. 2011) and sugar beet (Hozayn et al. 2013), higher plant stand have been shown 
to increase yield. Higher yields due to increased plant stands were associated with production 
of more plants per unit area in radish (Lavanya et al. 2014) and carrot (Dawuda et al. 2011). In 
radish, El-Dusuki et al. (2005) linked higher yields to higher ground cover by leaves which 
resulted in higher light interception and consequently, in higher assimilate production. Low 
plant stands were reported by Anjum et al. (2004) to produce higher yields compared with 
higher plant stands in sugar beet stands, and this was associated with greater tuber size in lower 
plant stands due to the availability of space for root growth. 
2.8 Effect of weed infestation on chicory 
Weed infestation is a major problem in chicory, particularly in high rainfall years resulting in 
reduced chicory yields (Stapelberg and Coertze 1995). Schnieders (1999) found reduced 
chicory root size, increased percentage of roots with small diameters and reduced economic 
value due to weed competition. Furthermore, the efficacy of root harvesters in chicory fields is 
negatively affected by poor weed control (Mersie and Elliott 1993) as weeds present generally 
block the root lifters. 
2.8.1 Weed control in chicory 
2.8.1.1 Manual and mechanical weed control 
In chicory, weed control is either carried out through hand-weeding, by physical pulling of 
weeds, or by hand-hoeing. This first control is applied immediately after crop emergence. Inter-
row cultivation (normally achieved after hand hoeing) offers effective weed control during 
vigorous crop growth; hence, selecting wide inter-row spacing is of great importance to ensure 
satisfactory weed control. Shallow cultivation of newly germinated weeds is important to 
prevent injury to chicory roots and commences when leaves are less susceptible to damage 
from tractor wheels. Effective weed control involves cultivating shortly after weed emergence 
with the frequency of cultivation determined by the level of weed infestation (Stapelberg and 
Coertze 1995). Hand-weeding is essential however; it reduces the profitability of the crop due 
the rise of crop production costs associated with manual labour (Ghanizadeh et al. 2011; 
Rahman et al. 2011). 
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2.8.1.2 Chemical weed control  
Pre-plant soil incorporation of benfluralin and pronamide plus asulam and pre-emergence 
carbetamide have been successfully used for early season weed control in Belgium and France 
(Baert and Van Bockstaele 1993; Wilson et al. 2004). These two countries are the world’s 
leading producers of chicory. Chlorpropham is also recommended for weed control in the leafy 
crop Cichorium endivia in Europe (Mersie and Elliot 1993).  
In ‘Grasslands Puna’ chicory, thistles and broad-leaf weeds are controlled with the application 
of pre-plant soil incorporation of trifluralin and eradicane super (EPTC). Chlorpropham and 
propyzamide are applied as pre-emergence herbicides. Post-emergence herbicides bentazon 
and metribuzin are usually applied for broadleaf weed control two to three months after 
planting while carbetamide, haloxyfop, propyzamide and fluazifop-P-butyl control grass 
weeds. In mature ‘Grasslands Puna’ chicory crops (three to four months after crop 
establishment) atrazine, paraquat and asulam are applied for controlling a wide range of both 
grass and broadleaf weeds (Hare et al. 1990). 
 
Herbicides registered for weed control for chicory in Europe have been evaluated in the United 
States of America for potential registration under local US conditions. Mersie and Elliot (1993) 
reported that combining pronamide in with sethoxydim or applying it alone improved weed 
control compared with trifluralin. The authors further reported that grasses and broadleaf weeds 
can be controlled for the entire season by applying of pronamide alone. Out of the three pre-
plant incorporated and two post-emergence herbicides, pronamide pre-plant incorporated plus 
benfluralin or trifluralin were most effective in controlling weed populations, while in the 
second experiment the other herbicides, pre-plant incorporated trifluralin followed by post-
emergence application of imazamox, provided better weed control (Wilson et al. 2004). 
2.8.1.3 Benefin use in chicory 
Benefin is currently the only one registered herbicide (soil applied pre-emergent) for chicory 
weed control in South Africa and is applied at 6-8 L ha-1 (van Zyl 2012). Benefin is used in 
several agronomic and horticultural crops for controlling annual grass and broadleaf weed 
species (Golab et al. 1970). It is, however, the only registered herbicide for chicory use in South 
Africa (van Zyl 2012). Benefin prevents root and shoot development in germinating weed seeds 
(Reicher 1988; Tickes and Kerns 1996). The herbicide inhibits cell division through binding to 
 25 
 
tubulin thus preventing polymerization of microtubules at the growing end of the tubule 
(Murphy 1996). Growers in the KwaZulu-Natal chicory production area commonly apply 
benefin as a pre-emergence herbicide and incorporate paraquat, a non-selective herbicide for 
post-emergence weed control. Shielded sprayers are used to apply paraquat to avoid crop 
damage, while delivering effective weed control (Gordon 2011). 
 
Table 2.1: Benefin nomenclature and classification (Murphy 1996; Weber 1900)  
Common name Trade name Chemical name Herbicide family 
Benefin/benfluralin Balan® N-butyl-N-ethyl-2,6-dinitro-
4(trifluoromethly)benzenamine 
Dinitroaniline 
 
2.9 Conclusion 
Chicory is an important root crop cultivated for the preparation of a coffee powder substitute; 
however, chicory seeds do not germinate and emerge as expected, often resulting in poor plant 
stands and low yields. The crop is cultivated from seeds varying in seed coat colour. Research 
has indicated that seed colour is associated with seed quality.  A review of literature showed 
that seed quality studies in chicory require broader investigation. The response of seeds varying 
in seed coat colour to priming is not well understood and requires investigation to mitigate the 
effects of low seed quality.  Presently, no attempts have been made to examine the impact of 
seed coat colour on chicory production under field conditions, especially under local 
environments. Chemical weed control of chicory is limited and investigations into how 
different weed management methods affect the crop productivity has not yet carried out.  
  
 26 
 
References 
Aboelghar M, Arafat S, Saleh A, Naeeem S, Shirbeny M, Belal A. 2010. Retrieving leaf area 
index from SPOT4 satellite data. The Egyptian Journal of Remote Sensing and Space 
Sciences 13: 121-127. 
Agnieszka R, Hołubowics R. 2008. Effect of pansy (Viola x wittrockiana gams) seeds colour 
and size on their germination. Notulae Botanicae Horti Agrobotanici Cluj-Napoca 36: 47-
50. 
Aiazzi MT, Cid MV, Seisdedos L, Argüello JA. 2006. Effect of dispersion unit size and seed 
colour on germination of Atriplex cordobensis (Gandoger et Stuckert) [Abstract]. Seed 
Science and Technology 34: 25-31. 
Ali MA, Alvi SM, Cheema SA. 2004. Sowing date and plant spacing effect on agro-qualitative 
traits of sugar beet (Beta vulgaris) in different ecological zones of Punjab Journal of 
Agricultural Research 42: 41-52. 
Al-Maskri AY, Khan MM, Kan IA, Al-Habsi K. 2003. Effect of accelerated ageing on viability, 
vigour (RGR), lipid peroxidation and leakage in carrot (Daucus carota L.) seeds. 
International Journal of Agriculture and Biology 5: 580-584. 
Améziane R, Deléens E, Noctor G, Morot-Gaudry J-F, Limami MA. 1997. Stage of 
development is an important determinant in the effect of nitrate on photoassimilate (13C) 
partitioning in chicory (Cichorium intybus). Journal of Experimental Botany 48:25-33. 
Anuradha R, Balamurugan P, Srimathi P, Sumathi S. 2009. Influence of seed coat colour 
variations on seed quality in bengalgram cv. co4 (Cicer arietinum L.) Legume Research 32: 
136-138. 
Arnold RLB, Ghersa CM, Sanchez RA, Insausti P. 1990. Temperature effects on dormancy 
release and germination rate in Sorghum halepense (L.) Pers. Seeds: a quantitative analysis. 
Weed Research 30: 81-89. 
Asghari MT, Daneshian J, Farahani HA. 2009. Effects of drought stress and planting density 
on quantity and morphological characteristics of chicory (Cichorium intybus L). Asian 
Journal of Agricultural Sciences 1: 12-14. 
Ashraf M, Nisar S. 1998. Germination patterns and electrolytes leakage during imbibition of 
intact and naked seeds of Salvadora oleiodes. Pakistan Journal of Biological Sciences 1: 
287-290. 
Asiedu EA, Powell AA, Stuchbury T. 2000. Cowpea seed coat chemical analysis in relation to 
storage seed quality. African Crop Science Journal 8: 283-294. 
 27 
 
Atak M, Kaya MD, Kaya G, Kaya M, Khawar KM. 2008. Dark green coloured seeds increase 
the seed vigour and germination ability in dry green pea (Pisum sativum L.). Pakistan 
Journal of Botany 40: 2345-2354. 
Atis I, Atak M. Can E, Mavi K. 2011. Seed coat colour on seed quality and salt tolerance of 
red clover (Trifolium pratense). International Journal of Agriculture and Biology 13: 363-
368. 
Ayala A, Muñoz MF, Argüelles S. 2014. Lipid peroxidation: production, metabolism, and 
signalling mechanisms of malondialdehyde and 4-hydroxy-2-nonenal. Oxidative Medicine 
and Cellular Longevity 2014:1-31. 
Baert JR, Van Bockstaele EJ. 1993. Cultivation and breeding of root chicory for inulin 
production. Industrial Crops Production 1: 229-234. 
Bais HP, Ravishankar GA. 2001. Review Cichorium intybus L – cultivation, processing, utility, 
value addition and biotechnology, with an emphasis on current status and future prospects. 
Journal of the Science of Food and Agriculture 81: 467-484. 
Balešević-Tubić S, Tatić M, Đorđevic V, Nikolić Z, Subić J, Đukić V. 2011. Changes in 
soybean seeds as affected by accelerated and natural aging. Romanian Biotechnological 
Letters 16: 6740-6747. 
Baloyi M. 2011. KZN takes the cup with chicory. Vuk’uzenzele July. 
Bezerra Neto F, Barros Júnior AP, de Negreiros MZ, de Oliveira EQ, da Silveira LM, Câmara 
JT. 2005. Association of carrot and lettuce planting densities on carrot agronomic 
performance in strip-intercropping systems. Horticultura Brasileira 23: 223-237. 
Bilekudari MK, Deshpandea VK, Sekhargouda M. 2005. Effect of spacing and fertilizer levels 
on growth, seed yield and quality of radish. Karnakata Journal of Agricultural Sciences 19: 
338-342. 
Borji M, Ghorbanli M, Sarlak M. 2007. Some seed traits and their relationship to seed 
germination, emergence rate electrical conductivity in common bean (Phaseolus vulgaris 
L.) Asian Journal of Plant Sciences 6: 781-787. 
Bréda NJJ. 2003. Ground-based measurements of leaf area index: a review of methods, 
instruments and current controversies. Journal of Experimental Botany 54: 2403-2417. 
Çakmakçi R, Oral E. 2002. Root yield quality of sugarbeet in relation to sowing date, plant 
population and harvesting date interactions. Turkish Journal of Agriculture and Forestry 
26: 133-139. 
Campillo C, Garcίa MI, Prieto MH. 2010. Study of a non-destructive method for estimating 
the leaf area index in vegetable crops using digital images. HortScience 45: 1459-1463. 
 28 
 
Chachalis D, Darawsheh MK, Khah EM. 2008. Effects of initial seed moisture content, 
imbibition temperature and seed vigour on germination, electrolyte leakage and seedling 
growth in plum tomatoes. Journal of Food & Environment 6: 299-304. 
Charjan SKU, Gadewar RD, Lambat AP, Lambat PA. 2012. Seed coat colour affects 
germination and seedling vigour of mustard (Brassica juncea L.). Bianono Frontier 5: 2-
11. 
Corbineau F, Côme, D. 1990. Germinability and quality of Cichorium intybus L. seeds. Acta 
Horticulture 267: 183-189. 
Dawuda MM, Boateng PY, Hemeng OB, Nyarko G, 2011. Growth and yield response of carrot 
(Daucus carota L.) to different rates of soil amendments and spacing. Journal of Science 
and Technology 31: 11-20. 
Dehkordi FS. 2012. Effect of priming on germination and biochemical indices of chicory 
(Cichorium intybus L.) seed. Report No. 9: Vol 4. Ahvaz: Sahid Chamran University. 
Diniz FO, Reis MS, Dias LA dos S, Araújo EF, Sediyama T, Sediyama CA. 2013. 
Physiological quality of soybean seeds of cultivars submitted to harvesting delay and its 
association with seedling emergence in the field. Journal of Seed Science 35: 147-152. 
Druat N, Goupil P, Dewaele E, Boutin J-P, Rambour S. 2000. Nitrate assimilation in chicory 
roots (Cichorium intybus L.) which acquire radial growth. Journal of Experimental Botany 
51: 539-546. 
Durga KK, Varma SV, Ankaiah R, Ganesh M. 2014. Seed storability studies in horse gram. 
Journal of Agricultural Research 2: 47-54. 
El-Desuki M, Salman SR, El-Nemr MA, Abdel-Mawgoud AMR. 2005. Effect of plant density 
and nitrogen application on the growth, yield and quality of radish (Raphanus sativus L.) 
Journal of Agronomy 4: 225-229. 
Ertekin M, Kirdar E. 2010. Effects of seed coat colour on seed characteristics of honeylocus 
(Gleditsia triacanthos). African Journal of Agricultural Research 5: 2434-2438. 
Eskandari H. 2012. Seed quality variation of crop plants during seed development and 
maturation. International journal of Agronomy and Plant Production 3: 557-560. 
Everes AM, Tuuri H, Hägg M, Plaami S, Häkkinen U, Talvitie H. 1997. Soil forming and plant 
density effects on carrot yield and internal quality. Plant Foods for Human Nutrition. 51: 
283-294. 
Fageria NK, Moreira A. 2011. The role of mineral nutrition on root growth of crop plants. In: 
Sparks DL (ed), Advances in Agronomy. Burlington: Academic Press. pp 251-330. 
 29 
 
Farooq M, Basra SMA, Ahmad N. 2007. Improving the performance of transplanted rice by 
seed priming. Plant Growth and Regulation 51: 129-137. 
FAOSTAT. 2017. Countires by commodity statistics. Rome: Italy. 
Forcella F, Arnold RLB, Sanchez R, Ghersa CM. 2000. Modelling seedling emergence. Field 
Crops Research 67:123-139. 
Ghanizadeh H, Lorzadeh S, Aryannia N. 2011. Evaluating weeds competitive ability in a corn 
field in southern west of Iran. Asian Journal of Crop Science 3: 179-187. 
 
Ghassemi-Golezani K, Khomari S, Dalil B, Hosseinzadeh-Mahootchy A, Chadordooz-Jeddi 
A. 2010. Effects of seed aging on field performance of winter oilseed rape. Journal of Food, 
Agriculture & Environment 8: 175-178. 
Golab T, Herberg RJ, Gramlich JV, Raun AP, Probst GW. 1970. Fate of benefin in soils, plants, 
artificial rumen fluid. Journal of Agricultural and Food Chemistry 18: 838-844. 
Gordon D. 2011. Chicory guidelines. KZNDARD Report, Weenen. 
Guimarães MA, Barbosa HM, Vieira C, Sediyama CS. 1989. Agronomic potential of seedcoat 
colour mutants induced in Phaseolus vulgaris L. Brazilian Journal of Genetics 12: 93-101. 
Harb AM. 2013. Reserve mobilization, total sugars and proteins in germinating seeds of durum 
wheat (Triticum durum Desf.) under water deficit after short period of imbibition. Jordan 
Journal of Biological Sciences 6: 67-71. 
Hare MD, Rowarth JS, Archie WJ, Rolston MP, Guy BR. 1990. Chicory seed production: 
research and practice. Proceedings of the New Zealand Grassland Association 52: 91-94. 
Hassan AMJ, Nawab J, Ali A. 2007. Response of specific leaf area (SLA), leaf area index 
(LAI) and leaf area ratio (LAR) of maize (Zea mays L.) to plant density, rate and timing of 
nitrogen application. World Applied Sciences Journal 2: 235-243. 
Heraldlive. 2016. Opportunities for chicory farmers. Available at 
www.heraldive.co.za/business/2016/07/21/opportunities-chicory-farming [accessed 
January 2017] 
Hershey DR. 2010. Bean seed imbibition. Science Activities: Class Room Projects and 
Curriculum 35: 25-27. 
Hozayn M, Tawfik MM, El-ghany HM, Koayem AM. 2013. Effect of plant density on yield 
and sugar quality characteristics of sugar beet. Journal of Applied Science Research 9: 1004-
1009. 
 
 30 
 
Hunt R. 2003. Growth analysis, individual plants. In: Thomas B, Murphy DJ, Murray D (eds), 
Encyclopaedia of applied plant sciences. London: Academic Press. pp 379-388. 
Hussain A, Field JR. 1991. Effect of sowing date, plant population and planting method on the 
growth and dry matter yield of sugar beet. Pakistan Journal of Agricultural Sciences 28: 
152-158. 
Hussian I, Ahmad R, Farooq M, Wahid A. 2013. Seed priming improves the performance of 
poor quality wheat seed. International Journal of Agriculture and Biology 15: 1343-1348. 
Ikhajiagbe B, Mensah JK. 2012. Genetic assessment of three colour variants of African yam 
bean (Sphenostylis stenocarpa) commonly grown in the Midwestern region of Nigeria. 
International Journal of Modern Botany 2: 13-18.  
Jisha KC, Vijayakumari K, Puthur JT. 2013. Seed priming for abiotic stress tolerance: and 
overview. Acta Physiology and Plant 35: 1381-1396. 
Kabir A, Ali A, Waliullah MH, Rahman MMM, Rashid A. 2013. Effects of spacing and sowing 
time on growth and yield of carrot (Daucus carrota L.) International Journal of Sustainable 
Agriculture 5: 26-36. 
Khaiti DM. 2012. Effect of irrigation and plant density on the yield and technological 
characters of sugar beet. Advances in Natural and Applied Sciences 6: 886-892. 
Khaliliaqdam N, Soltani A, Latifi N, Far FG. 2013. Laboratory tests for predicting emergence 
of soybean cultivars. Plant Knowledge Journal 2: 89-93. 
Kharlukhi L. 2013. Physiological and biochemical changes in purple and yellow coloured seeds 
of Zea mays during accelerated aging. Journal of Applied Sciences Research 2513-2519. 
Kigozi F. The significance of chicory to the diet of common duiker at Grants valley, Eastern 
Cape Province, South Africa. South African Journal of Ecology 41: 289-293. 
Knights EJ, Mailer RJ. 1989. Association of seed type colour with establishment, yield and 
seed quality in chickpea (Cicer arietinum). The Journal of Agricultural Science 113: 325-
330.  
Kocsis I, Hagymási K, Kéry A, Szőke E, Blázovics A. 2003. Effects of chicory on pancreas 
status of rats in experimental dyslipidaemia. Acta Biological Szegediensis 47: 143-146. 
Kruistum F, Neuvel JJ, van den Berg W. 1994. Verslag-Proefstation voor de Akkerbouw en de 
Groenteteelt in de Vollegrond. Netherlands: Lelystad.pimes 
Lacerda CF, Silva F, Neves ALR, Silva FLB, Gheyi HR, Ness RLL, Gomes-Filho E. 2011. 
Influence of plant spacing and irrigation water quality on cowpea-maize cropping system. 
International Research Journal of Agricultural Sciences and Soil Science 1: 163-171. 
 31 
 
Lan Y, Zhang H, Lacey R, Hoffmann WC, Wu W. 2009. Development of an integrated sensor 
and instrumentation system for measuring crop conditions. CIGR Ejournal XI: 1-16. 
Lambat AP, Charjan SKU, Charde PN, Gadewar RD, Cherian KJ, Lambat PA. 2010. 
Relationship of seed coat colour, seed germination, seedling vigour and field emergence in 
gram (Cicer arietinum L.). Paper presented at the 3rd International congress of 
environmental research, Mauritius, 16-18 September 2010. 
Lavanya AVN, Sudha Vani V, Syam Sundar Reddy P, Chaitanya K. 2014. Effect of sowing 
dates and spacing on growth and root yield of radish cv. pusa chetki. Plant Archives 14: 
619-623. 
Legesse N, Powell AA. 1996. Relationship between the development of seed coat 
pigmentation, seed coat adherence to the cotyledons and the rate of imbibition during 
maturation of grain legumes. Seed Science and Technology 24: 23-32. 
Lemaire S, Maupas F, Cournède P-H, de Reffye P. 2008. A morphogenetic crop model for 
sugar-beet (Beta vulgaris L.). Paper presented at the International Symposium on Crop 
Modelling and Decision Support: ISCMDS. Nanjing, 19-22 April 2008. 
Lolliffe PA, Eaton GW, Doust JL. 1982. Sequential analysis of plant growth. New Phytologist 
92: 287-296. 
Lui W, Peffley EB, Powell RJ, Auld DL, Hou A. 2007. Association of seed coat colour with 
seed water uptake, germination, and seed components in guar (Cyamopsis tetragonoloba 
(L.) Taub). Journal of Arid Environments 70: 29-28. 
Mabhaudhi T, Modi AT, Beletse YG. 2013. Growth, phonological and yield response of a 
bambara groundnut (Vigna subterranean L. Verdc) landrace to imposed water stress: II. 
Rain shelter conditions. South African Journal of Plant and Soil 30: 69-79. 
Mabhaudhi T. 2009. Responses of maize (Zea mays L.) landraces to water stress compared 
with commercial hybrids. MSc thesis, University of KwaZulu-Natal, South Africa. 
Madani H, Dordas C, Madan A, Motasharei M-A, Farri S. 2012. Interactive effects of sowing 
date and plant density on dry matter accumulation and partitioning of chicory. Notulae 
Botanicae Horti Agrobotanici 40: 183-187. 
Marcelis LFM, Heuvelink E, Van Dijk. 1997. Pithiness and growth of Radish tubers as affected 
by irradiance and plant density. Annals of Botany 79: 397-402. 
Mavi K. 2010. The relationship between seed coat colour and seed quality in watermelon 
Crimson Sweet. Horticultural Science 37: 62-69. 
McCormac AC, Keefe PD. 1990. Cauliflower (Brassica oleracea L.) seed vigour: imbibition 
effects. Journal of Experimental Botany 41: 893-899. 
 32 
 
McDonald MB, Vertucci CW, Roos EE. 1988. Soybean seed imbibition: water absorption by 
seed parts. Crop Science Society of America 28: 993-997. 
Meijer WJM, Mathijssen EWJM. 2003. Experimental and simulated production of inulin by 
chicory and Jerusalem artichoke. Industrial Crops and Products 1: 175-183. 
Mersie W, Elliot J. 1993. Selectivity of pronamide and trifluralin in belgian endive (Cichorium 
intybus). Weed Technology 7: 226-229. 
 
 Minnar HR. 1984. A study of germination and flowering in (Cichorium intybus L.). MSc 
thesis, Rhodes University, South Africa. 
 
Modi, AT, 2005. Assessment of pepper seed performance using desiccation sensitivity. Seed 
Science Technology, 33: 19-30. 
 
Mohammand K, Ehsan ER, Sadegh G. 2010. Study the effect of salinity levels and seed priming 
on germination and seedling properties of two medicinal plant species from Asterceae 
family. Agroecology 2: 245-255. 
Mulabagal V, Wang H, Ngouajio M, Nair MG. 2009. Characterization and quantification of 
health beneficial anthocyanins in leaf chicory (Cichorium intybus) varieties. European Food 
Research and Technology 230: 47-53. 
 
Murphy TR. 1996. Herbicide-resistant weeds in turfgrasses. Available at 
http://www.archive.lib.msu.edu/tic/tgtre/article/1996jan7.pdf [accessed 2 April 2015]. 
Murthy UMN, Kumar PP, Sun WQ. 2003. Mechanisms of seed ageing under different storage 
conditions for Vigna radiata (L.) Wilczek: lipid peroxidation, sugar hydrolysis, Maillard 
reactions and their relationship to glass state transition. Journal of Experimental Botany 54: 
1057-1067. 
Muthsanny VS, Anand S, Sanqeeth KN, Sujatha S, Arum B,  Lakshimi BS. 2008. Tannis 
present in Cichorium intybus enhance glucose uptake and inhibit adipocytes in 3T3-L1 
adipocytes through PTP1B inhibition. Chemico- Biological Interactions. 174: 69-78. 
 
Muvamengwana VB. 2004. Isolation and characterization of inulin and fructooligosaccharides       
from Cichorium intybus and inulinase from Aspergillus niger. PhD thesis, Rhodes 
University, South Africa. 
 
NDA (National Department of Agriculture, Forestry and Fisheries). 2012. Chickory. Pretoria: 
Directoratee of Plant Production  
 
Oliveira MD, Matthews S, Powell AA. 1984. The role of splits seed coats in determining seed 
vigour in commercial seed lots of soybean as measured by electrical conductivity test. Seed 
Science and Technology 12: 659-668. 
Omokanye AT. 1996. Effect of seed coat colour on seedling and other plant characteristics in 
horsegram. Seed Research New Delhi 23: 22-24. 
 33 
 
Onwubiko NIC, Odum OB, Utazi CO, Poly-Mbah PC. 2011. Studies on the adaptation of 
Bambara groundnut (Vigna subterranea L. Verdc) in Owerri South-eastern Nigeria. New 
York Science Journal 4: 60-67. 
Orchand ER, Van Rooyen C. 1953. Chicory production in South Africa: its agricultural and 
industrial aspects. Department of Agriculture, South Africa. 
 
Osman Khidir OM, El Gizouli Osman H. 1970. Correlations studies of some agronomic 
characters in sesame. Experimental Agriculture 6: 27-31.  
Panahandeh J, Abdollahi S, Kazemnia HD, Manha N. 2012. Effects of plant density on root 
yield and leaf area in chicory. In: Palmer J.W.  et al. (ed.). Proceedings of the XXVIIIth IHC 
Plant Physiology from Cell to Fruit Production Systems, Lisbon, Portugal. pp 427-430. 
Pascualides AL, Ateca NS. 2013. Germination and vigour of Crotalaria juncea L. (Fabaceae) 
seed morphotypes. International Journal of Experimental Botany 82:313-319. 
Pekşen A, Pekşen E, Bozoğlu H. 2004. Relationships among some seed traits, laboratory 
germination and field emergence in cowpea (Vigna unguiculata (L.) Walp) genotypes. 
Pakistan Journal of Botany 36: 311-320. 
Peksen A. 2004. Fresh pod yield and some pod characteristics of cowpea (Vigna unguiculata 
L. Walp.) genotypes from Turkey. Asian Journal of Plant Sciences 3: 269-273. 
Pekşen E, Pekşen A, Bozoğlu H, Gülūmser A. 2004. Some seed traits and their relationship to 
seed germination and field emergence in pea (Pisum sativum L.). Journal of Agronomy 3: 
243-246. 
Peksen E. 2007. Relationships among electrical conductivity of seed leakage, germination, 
field emergence percentage and some seed traits in faba bean (Vicia faba L.) Asian Journal 
of Chemistry 4: 3178-3184. 
Pereira DC, Grutzmacher P, Bernardi FH, Mallmann LS, Costa LA, Costa MM. 2012. 
Agroecological seedling production and field cultivation of chicory. Revista Brasileira de 
Engenharia Agrícola e Ambiental 16: 1100-1106. 
Pérez-Harguindeguy N, Díaz S, Garnier E, Lavorel S, Poorter H, Jaureguiberry P. Pret-Harte 
MS, Cornwell WK, Craine JM, Gurvich DE, Urcelay C, Veneklaas EJ, Reich PB, Poorter 
L, Wright IJ, Ray P, Enrico L, Pausas JG, de Vos AC, Buchmann N, Funes G, Quétier F, 
Hodgson JG, Thompson K, Morgan HD, ter Steege H, van der Heijden MGA, Sack L, 
Blonder B, Poschlod P, Vaieretti MV, Conti G, Staver AC, Aquino S, Cornelissen JHC. 
2013. New handbook for standardised measurement of plant functional traits worldwide. 
Australian Journal of Botany A-BP. 
Pimpini F, Fillipini MF, Sambo P, Gianquinto G. 2002. The effect of seed quality (seed colour 
variation) on storability, germination temperature and field performance of radicchio. Seed 
Science and Technology 30: 393-402. 
 34 
 
Pospišil M, Pospišil A, Rastija M. 2000. Effect of plant density and nitrogen rates upon the leaf 
are of sugar beet on seed yield and quality. European Journal of Agronomy 12: 69-79. 
Póvoa O, Farihna N, Generoso V. 2011. Medicinal pastures: germination assessment of chicory 
(Cichorium intybus) seeds collected in Alentejo, South Portugal. In: Á. Máthé et al. (eds.). 
IHC Seminar: A new look at medicinal and aromatic plants.  
 
Powel AA, Matthews S. 1978. The damaging effect of water on dry pea embryos during 
imbibition. Journal of Experimental Botany 29: 1215-1229. 
Powel AA. 1989. The importance of genetically determined seed coat characteristics of seed 
quality in grain legumes. Annals of Botany 63: 196-175. 
Powell AA. 1986. Cell membranes and seed leachate conductivity in relation to the quality of 
seed for sowing. Journal of Seed Technology 10: 81-100. 
Powell AA. 1998. Seed improvement by selection and invigoration. Scientia Agricola 
Piracicaba 55: 126-133. 
Pushparaj PN, Low HK, Manikandan J, Tan BKH, Tan CH. 2007. Anti-diabetic effects of 
Cichorium intybus in streptozotocin-induced diabetic rats. Journal of Ethnopharmacology 
111: 430-434. 
 
Rajal A, Niskanen M, Isolahti M, Peltonen-Sainio P. 2011. Seed quality effects on seedling 
emergence, plant establishment and grain yield in two-row barley. Agricultural and Food 
Science 20: 228-234. 
Reicher ZJ. 1988. Effect of herbicides on rooting of Kentucky bluegrass (Poa pratensis L.). 
MSc thesis, Iowa State University, Iowa.  
 
Remison SU, Lucas EO. 1982. Effects of planting density on leaf area and productivity of two 
maize cultivars in Nigeria. Experimental Agriculture 18: 93-100. 
Rowland GG, Gusta LV. 1977. Effects of soaking, seed moisture content, temperature and seed 
leakage on germination of Faba beans (Vicia faba) and peas (Pisum sativum). Canadian 
Journal of Plant Sciences 57: 401-406. 
Sabatino L, Iapichino G, Vetrano F, D’Anna. 2014. Morphological and agronomical 
characterisation of sicilician bottle gourd Lagenaria siceraria (Mol.) Standley. Journal of 
Food, Agriculture & Environment 12: 587-590. 
Saedi G, Rowland GG. 1999. Seed colour and linolenic acid effects on agronomic traits in flax. 
Canadian Journal of Plant Science 79: 521-526. 
Sambo P, Gianquinto G, Pimpini F. 2002. Effects of Osmopriming treatments of seed 
germination of two types of Radicchio (Cichorium intybus var. silvereste [Abstract]. ISHS 
Acta Horticulturae 631.  
 35 
 
Santos F, Trani PE, Medina PF, Parisi JJD. 2011. Accelerated aging test for evaluating lettuce 
and endive seed quality. Revista Brasileira de Sementes 33: 322-320. 
Schoeman L. 2010. Revitalising local chicory. Famer’s Weekly 90/43 December: 2. 
Seghatoleslami MJ, Mousavi G, Javadi H. 2014. Chicory (Cichorium intybus) response to 
nitrogen and plant density in Birjand, Iran. International Journal of Biosciences 4: 56-61. 
Selvi DT, Srimathi P, Senthil N. 2014. Effect of accelerated aging on storability of coloured 
maize inbreds. International Journal of Agricultural Sciences 10: 247-250. 
Sharma AD, Rathore SVS, Srinivasan K, Tyagi RK. 2014. Comparison of various seed priming 
methods for seed germination, seedling vigour and fruit yield in okra. Scientia Horticulturae 
165: 75-81. 
Siddiqui ZS, Khan MA. 2010. The role of seed coat phenolics on water uptake and early 
proteins synthesis during germination of dimorphic seeds of Halopyrum mucronatum (L.) 
staph. Pakistan Journal of Botany 42: 227-238. 
Silva RF. 1996. Use of inulin as a natural texture modifier. Cereal Foods World 41: 792-795. 
 
Sinefu F. 2011. Seed quality components of Bambara groundnut landraces from KwaZulu-
Natal, South Africa. MSc thesis, University of KwaZulu-Natal, South Africa. 
Singh AK, Mehan VK, Mengesha MH, Jambunathan R. 1992. Imbibition rates, leachates and 
fungal colonization of seeds of selected groundnut germplasm lines with different seed test 
colours. Oléagineux 10: 579-582.  
Singh N, Devi C, Kak A, Singh G, Kumari A, Mahajan RK. 2009. Influence of seed coat colour 
associated heterogeneity on quality and storability in horse gram (Macrotyloma uniflorum). 
Seed Science and Technology 37: 232-240. 
Sivritepe HO, Dourado AM. 1995. The effect of seed moisture content and viability on the 
susceptibility of pea seeds to soaking injury. Scientia Horticulturae 61: 185-191. 
Soratto RP, Souza-Schlick GD, Fernandes AM, Zanotto MD, Crusciol CAC. 2012. Narrow 
row spacing and high plant population to short height castor genotypes in two cropping 
seasons. Industrial Crops and Products 35: 244-249. 
Sørensen A, Lauridsen EB, Thomseni K. 1996. Electrical conductivity test. Available at 
http://www.curis.ku.dk/ws/files/20710854/tn45.pdf [accessed 2 May 2012]. 
Souza FHD, Marcos-Filho J. 2001. The seed coat as a modulator of seed-environment 
relationship in Fabaceae. Brazilian Journal of Botany 24: 365-375. 
Srimathi P, Malarkodi K. 2002. Influence of seed coat colour on seed quality of rice bean 
(Vigna umbellata). Agricultural Science Digest 22: 249-251. 
 36 
 
Stapelberg WP, Coertzee AF, 1995. Chicory. In: Vegetable cultivation in South Africa. 
Agricultural Research Council. pp 1-6. 
Straatman HJ. 1968, Chicory production in South Africa. Government printer, Pretoria. 
 
Streck NA, Pinheiro DG, Zanon AJ, Gabriel LF, Rocha TSMR, de Souza AT,  da Silva MR. 
2014. Effect of plant spacing on growth, development and yield of cassava in a subtropical 
environment. Bragantia, Campinas 73: 407-415. 
 
Street RA, Sidana J, Prinsloo G. 2013. Cichorium intybus: Traditional uses, phytochemistry, 
pharmacology, and Toxicology. Evidence-Based Complementary and Alternative Medicine 
2013: 1-13. 
Suk J, Kim S, Ryoo I. 2011. Non-contact plant growth measurement method and system based 
on ubiquitous sensor network and technologies. Sensors 11: 4312-4334. 
Sung JM, Jeng TL. 2006. Lipid peroxidation and peroxide-scavenging enzymes associated with 
accelerated aging of peanut seed. Physiologia Plantarum 91: 51-55. 
Tajbakhsh M. 2000. Relationship between electrical conductivity of imbibed seeds leachate 
and subsequent seedling growth (viability and vigour) in omid wheat. Journal of 
Agriculture, Science and Technology 2: 67-71. 
Talukdar D. 2011. Bold-seeded and seed coat colour mutation in grass pea (Lathyrus sativus 
L.): origin, morphology, genetic control and linkage analysis. International Journal of 
Current Research 3: 104-112. 
Tian X, Song S, Lei Y. 2008. Cell death and reactive oxygen species metabolism during 
accelerated ageing of soybean axes. Russian Journal of Plant Physiology 55: 33-40. 
Tickens BR, Kerns DL. 1996. Lettuce injury from preplant and preemergence herbicides. 
University of Arizona, Tuscon, Arizona. 
 
Toneli JTCL, Park KJ, Ramalho JRP, Murr FEX, Fabbro IMD. 2008. Rheological      
characterization of chicory root (Chicorium intybus L.) inulin solution. Brazillian Journal 
of Chemical Engineering 25: 461-471. 
Tumuhimbise R, Talwana HL, Osiru DSO, Serem AK, Ndabikunze BK, Nandi JOM, Palapala. 
2009. Growth and development of wetland-grown taro under different plant populations and 
seedbed types in Uganda. African Crop Science Journal 17: 49-60. 
Tylor AG, Churchill DB, Lee SS, Bilsand DM, Cooper TM. 1993. Colour sorting of coated 
Brassica seeds by fluorescent sinapine leakge to improve germination. Journal of the 
American Society for Horticultural Science 118: 551-556. 
Tzortzakis NG. 2009. Effect of pre-sowing treatment of seed germination and seedling vigour 
in endive and chicory. Horticultural Science (Prague) 36: 117-125. 
 37 
 
Rahman K, Rahman, H, Iqbal M, Ullah K, Khan MA, Sadiq M. 2011. Impact of manual 
weeding interval on onion (Allium cepa L.) yield and yield components. Pakistan Journal 
of Weed Science Research 14: 227-283. 
Van Zyl. 2012. A guide for the chemical control of weeds in South Africa (2nd edn). Halfway 
House: AVCASA. 
Weber JB. 1990. Behaviour of dinitroaniline herbicides in soils. Weed Technology 4: 394-406.  
Wheeler TA, Gannaway JR, Kaufman HW, Dever JK, Mertley JC, Keeling JW. 1996. 
Influence of tillage, seed quality and fungicide seed treatments on cotton emergence and 
yield. Journal of Production Agriculture 10: 394-400. 
Wilson G, Smith JA, Yonts CD. 2004. Chicory root yield and carbohydrate composition is 
influenced by cultivar selection, planting and harvest date. Crop Science 44: 748-752. 
 
Wilson R. 2013. Root of the matter. Panhandle Research and Extension Centre, University of 
Nebraska-Lincoln, Nebraska. 
 
Woodstock LW. 1998. Seed imbibition – a critical period for successful germination. Journal 
of Seed Technology 12: 1-15. 
Xiao S, van der Ploeg M, Bakker M, Heuvelink E. 2004. Two instead of three leaves between 
tomato trusses: measured and simulated effects on partitioning and yield. Acta Horticulturae 
654: 303-308. 
Yan E-R, Milla R, Aarssen LW, Wang X-H. 2012. Functional relationships of leafing intensity 
of plant height, growth form and leaf habit. Acta Oecologica 41: 20-29. 
Yao S, Lan H, Zhang F. 2010. Variation of seed heteromorphism in Chenopodium album and 
the effect of salinity stress on the descendants. Annals of Botany 105: 1015-1025. 
Young BS. 1959. The union’s chicory industry. South African Geographic Journal 40-42, 43-
51. 
Zafarbakhsh GA, Shakouri MJ, Kapourchal SA, Mafakheri S. 2011. The best planting density 
for three chicory (Cichorium intybus L.) varieties. Annals of Biological Research 2: 522-
527. 
Zhang XK, Chen J, Chen L, Wang HZ, Li JN. 2008. Imbibition behaviour and flooding 
tolerance of rapeseed seed (Brassica napus L.) with different testa colour. Genetic 
Resources and Crop Evolution 55: 1175-1184. 
Zhang XK, Yang GT, Chen L, Yin JM, Tang ZL, Li JN. 2006. Physiological differences 
between yellow-seeded and black-seeded rapeseed (Brassica napus L.) with different testa 
characteristics during artificial ageing. Seed Science and Technology 34: 373-381. 
 38 
 
Zhang J. Cui Y, Zhang L, Wang Y, Li J, Yan G, Hu L. 2013. Seed coat colour determines seed 
germination, seedling growth and seed composition of canalo (Brassica napus). 
International Jouranal of Agriculture & Biology 15: 535-540. 
  
 39 
 
CHAPTER 3 
EFFECT OF SEED COLOUR VARIATION ON CHICORY (CICHORIUM INTYBUS 
L.) SEED QUALITY WITH RESPECT TO GERMINATION AND VIGOUR 
 
3.1 Introduction 
Chicory (Cichorium intybus L.) is a perennial tap-rooted herb. In South Africa roasted chicory 
roots are ground and then blended with coffee seeds for the preparation of coffee powder (Bais 
and Ravishankar 2001, Mavumengwana 2004). Chicory has been commercially cultivated in 
South Africa since 1985 at Alexandria, Albany and Bathurst in the Eastern Cape Province 
(Orchard and Van Rooyen 1953; Young 1959; Straatman 1968). South Africa’s chicory 
producers need to increase production to meet the demand as possible (Schoeman 2010).  The 
leading producers of chicory are Belgium (300 902 tons), followed by France (51 100 tons), 
the Netherlands (49 100), Poland (24 120) while South Africa is ranked 5th, producing 8 500 
tons (FAO 2017). Due to low yields, there is still no exportation of chicory from the country 
(Kigozi 2003).  As in most field crops, successful production of chicory relies on the 
availability of high quality seed. Chicory farmers in South Africa rely on imported seed, which 
is often of poor quality (Schoeman 2010).  No local seed is available because, although chicory 
growing environments are suitable for the growth of chicory; they are not suitable for seed 
production due winter temperatures which are too mild to stimulate seed production (Minnar 
1984). Therefore, the availability of low quality seed is one of the obstacles to chicory 
production, often resulting in poor crop establishment and low yields (Corbinaeu and Côme 
1990; Pimpini et al. 2002).  
 
Seed quality is a multifaceted concept comprising different aspects which include germination, 
vigour, genetic and physical purity as well as seed health (Brasa 2005). To a seed physiologist, 
germination refers to “emergence of the radicle through the seed coat” and to a seed analyst, it 
refers to “emergence and development from the seed embryo of those essential structures 
which, for the kind of seed in question, are indicative of the ability to produce a normal plant 
under favourable conditions” (Copeland and McDonald 2001). Seed vigour is defined as “the 
total sum of those properties of seed which determine the level of activity and performance of 
the seed or seed lot during germination and seedling emergence” (Hampton and TeKrony 
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1995). The electrical conductivity and accelerated aging tests are among several seed vigour 
tests used to obtain further information about a certain seed-lot. 
 
Chicory seed colour is dark-brown upon seed maturity (Reaume 2010); however, different 
types of seed colour exist within a single batch of seeds. Different seed colours within a cultivar 
are associated with the harvesting of seeds at different developmental stages and some genetic 
differences (Atis et al. 2011; Zhang et al. 2013). Investigations by several researchers have 
suggested that seed colour can be associated with seed quality. As such, the rate of water uptake 
by Pisum sativum (Powel 1989; Chachalis and Smith 2000), Gleditsia triacanthos (Ertenkin 
and Kirdar 2010) and Cyamopsis tetragonoloba L. (Taub) (Lui et al. 2007) seeds vary with 
seed coat colour. Dark chicory seed were reported to perform better than light-coloured seeds 
with regards to seed germination (Adlakha and Chhibber 1963; Minnaarr 1984; Pimpini et al. 
2002). On the other hand, findings by Corbineau and Côme (1990) demonstrated poor 
germination of black chicory seeds compared with light-coloured seeds. The capability of seeds 
to reorganise and repair cellular membranes from damage that may have occurred during early 
imbibition, influences electrolyte leakage from the seed. The quicker seeds able to re-establish 
membrane integrity, the lower is their electrolyte leakage; therefore, seeds with high vigour are 
able to able to reorganize t cellular membranes more rapidly than low vigour seeds (Hampton 
and TeKrony 1995).  Differences in the electrolyte leakage of seeds varying in seed coat colour 
have been reported by Pekşen et al. (2004) for Vigna unguiculata (cowpea), Mavi (2010) for 
Citrullus lanatus (watermelon), and Atis et al. (2011) for Trifolium pratense (red clover). 
Research by Durga et al. (2014), Jagadish et al. (2013), Srimathi and Malarkodi (2002) and 
Zhang et al. (2006) suggested that seed coat colour could be associated with the aging of seeds. 
Presently, there is limited information describing seed quality of chicory and its possible 
association with seed coat colour. 
 
Seed colour assessment is gradually gaining importance as a measure of ensuring seed quality 
(Agnieszka and Hoɫubowicz 2008; Atis et al. 2011; Whan et al. 2014). Generally, seed colour 
differences are assessed by visual inspection; however, visual assessment is highly subjective 
and has a high likelihood of inconsistency due several factors such as fatigue, eyesight, mental 
state, improper lighting and other environmental factors (Sidnal et al. 2013). To reduce the 
subjective nature of visual assessment and to be able to differentiate accurately between seed 
colours, image analysis has been used to assess seed colour. Image analysis is a tool that 
partitions a digital image into multiple parts (set of pixels on which hue, saturation and intensity 
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are recorded) in order to change the presentation of an image into data that can be analysed 
(Rodriguez-Pulido et al. 2012). This tool can be used in research studies to objectively assess 
seed colour. Image analysis was reported by Odindo (2007) to be an objective tool for 
discriminating seed colour in cow pea. Further research is needed to identify objective methods 
that can be used to assess seed colour in other crop species.  
 
The aim of this study was to evaluate the use of image analysis as a method to determine seed 
coat colour differences in chicory, as well as to determine the association between seed quality 
and seed coat colour with respect to germination and vigour. 
3.2 Materials and methods 
3.2.1 Plant material 
Chicory (Cichorium intybus L. cv. Orchies) seeds, were obtained from Nestle® Estcourt, 
KwaZulu-Natal. 
3.2.2 Seed image analysis 
For colour determination seeds from one batch obtained from Nestle® were separated visually 
into eight seed colour categories: cream, cream with light brown speckles, cream with dark 
brown speckles, roasted, brown with yellow speckles, cream and brown, light brown and dark 
brown (Figure 3.1). Seed colour was captured using images produced by a Leica MZ16 
stereomicroscope (Meyer instruments, Inc., USA). Eight seeds from each of the categories 
were used to measure the colour parameters hue angle, colour intensity and saturation using 
the image analysis system AnalySIS®. The hue, intensity and saturation were based on pixel 
values recorded by randomly clicking at five different points (per seed) on eight individual 
seeds.
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Figure 3.1: Colour categories of ‘Orchies’ chicory seeds. (I) cream, (II) cream with light brown 
speckles, (III) cream with dark brown speckles, (IV) roasted, (V) brown with yellow speckles, 
(VI) cream and brown, (VII) light brown and (VIII) dark brown 
 
3.2.3 Standard germination 
Seed germination of different colour seeds was assessed using the standard germination test 
(ISTA 2011). Four replicates of 50 seeds were germinated in 9 cm (diameter) petri dishes on 
Whatman No. 1 filter paper moistened with 10 ml distilled water. Seeds were incubated for 14 
days in growth chambers at 20/30°C day/night (16/8 h). The GVI (germination velocity index), 
indicating the relative speed of germinant was determined daily by counting the number of 
seeds that had geminated from day one until day 14. The value of GVI is higher, the more seeds 
germinate in the least number of days (Raizada and Raghubanshi 2010). Seeds were considered 
germinated upon radicle emergence from the seed. The germination velocity index (GVI) was 
calculated according to the formula established by Maguire (1969): 
 
GVI = G1/N1 + G2/N2 +… + Gn/Nn                                                                                  Eq. 1 
Where: 
GVI = germination velocity index, 
G1, G2…Gn = number of germinated seeds in first, second… last count 
N1, N2…Nn = number of sowing days at the first, second… last count. 
 
 
I II III IV 
V VI VII VIII 
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The mean germination time was (MGT) calculated according to Ellis and Roberts (1981): 
MGT =
𝛴𝐷𝑛
𝛴𝑛
                                                                                                            Eq. 2 
  
Where:                                                                                                                  
n= the number of seed which were germinated on day D 
D= number of days counted from the beginning of germination. 
3.2.4 Germination vigour characteristics 
3.2.4.1 Accelerated aging  
Seeds were aged using the accelerated aging (AA) test as described by ISTA (2011). Samples 
were weighed and spread on a wire mesh tray (10.0 x 10.0 x 3 cm) inside plastic boxes (11.0 x 
11.0 x 3.5 cm). There so-prepared seeds were then placed in a MD1400 modular climate 
chamber (Snijders Scientific, Jumo Imago 500, Netherlands) maintained at 41̊C and ≈95% 
relative humidity for 72 h. After removal from the chamber, seeds were evaluated for 
germination as described in 2.3.  
3.2.4.2 Imbibition  
Water uptake for each colour was determined using four replicates of 100 individual seeds. 
Seeds were weighed on an analytical balance and placed on Whatman No. 1 filter paper in 9 
cm diameter petri dishes and moistened with 10 ml distilled water. Change in mass (%) was 
measured at 0, 15, 30, 60 min, 2, 3, 4, 5, 6, 7 and 8 h. At each sampling interval, seeds were 
removed patted dry, weighed and immediately returned to the petri dishes. The percentage 
change in seed mass at each time interval was recorded accordingly using the following 
formula:  
Change in mass (%) = [(Final mass – Initial mass)/ Initial mass] x 100 
3.2.4.3 Electrical conductivity  
Electrical conductivity (EC) was tested according to ISTA (2011) using four replicates of 100 
seeds (weighed to two decimal places, 0.01 g) for each colour. Seeds were soaked in glass 
beakers (500 mL) containing 250 mL distilled water for 24 h at room temperature (25°C). 
Thereafter, the EC of the soaking solution was determined using a Hanna HI portable 
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pH/EC/TDS/Temperature meter (Hanna Instruments, UK). Electrical conductivity was 
expressed as µS cm-1 g-1 seed. 
3.2.5 Data analysis 
In order to bring data closer to normal distribution and to reduced skewness, germination 
percentage, GVI, MGT and imbibition data were transformed according to the angular 
transformation method and subjected to ANOVA using GenStat® (Version 18, VSN 
International, UK). Means were separated using Least Significant Differences (LSD, P = 0.05). 
3.3 Results 
3.3.1 Seed image analysis 
Highly significant differences (P < 0.001) were observed between images taken of the different 
seed colour categories with respect to hue angle, intensity and saturation (Table 3.1). The dark 
brown colour component exhibited the highest pixel values for hue (233.05) with cream and 
brown seeds displaying the lowest values (34.98). Mean separation of hue showed dark brown 
seeds to be significantly different from all other seed colours. No significant differences were 
observed amongst the other categories.  Image analysis indicated that two colour categories 
existed with respect to hue. These were categorized as light- and dark-coloured seeds and seed 
quality tests carried out were based on the hue values of the image analysis. 
 
The highest pixel value for saturation was recorded for roasted seeds (107.83) and the lowest 
for dark brown seeds (15.05). Mean separations also showed the saturation of cream, cream 
with dark brown speckles, cream with light brown speckles and roasted seeds to be not 
statistically different (P > 0.05).  
 
Colour intensity was highest in cream seeds (128.15), while light brown seeds displayed the 
lowest colour intensity (62.45). In addition, mean separation showed the colour intensity of 
brown seeds with yellow speckles to be not statistically different to cream and brown seeds (P 
> 0.05), while cream seeds were found to be statistically similar to cream seeds with dark brown 
speckles; cream seeds with dark brown speckles were not statistically different to cream seeds 
with light brown speckled. 
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Table 3.1: Discrimination of seed colour in chicory using image analysis 
Categories Hue Saturation Intensity 
I Cream 46.97 a 105.23 ef 128.15 f 
 
II Cream with light brown speckles 44.64 a 104.43 ef 113.52 e 
III Cream with dark brown speckles 
 
45.70 a 93.58 e 121.65 ef 
IV Roasted 
 
37.79 a 107.83 f 99.82 d 
V Brown with yellow speckles 
 
57.95 a 52.73 c 94.77 cd 
VI Cream and brown 
 
34.82 a 66.93 d 88.72 c 
VII Light brown 
 
69.15 a 38.15 b 76.97 b 
VIII Dark brown 233.05 b 15.05 a 62.45 a 
LSD 36.73 13.04 8.25 
F.Pr <0.001 <0.001 <0.001 
CV% 23 4.7 3.8 
Values followed by the same letter in a column are not significantly different from each other 
(P < 0.05) 
 
3.3.2 Germination  
In terms of germination percentage, the interaction between seed colour and seed quality test 
was significant (P < 0.05) (Figure 3.2). Dark-coloured seeds showed the highest germination 
percentage of both treatments. Light-coloured seeds had 59% germination; dark-coloured seeds 
on the other hand, had 76% germination in the SG test. In the AA test dark-coloured seeds had 
60% germination, while 46% of the light coloured-seeds germinated.  
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Figure 3.2: Germination percentage of chicory seeds varying in seed colour (dark- and light-
coloured) as observed in the standard germination (SG) and accelerated aging test (AA) 
 
With regard to GVI, the interaction between seed colour and seed quality was highly significant 
(P < 0.001) (Figure 3.3). A higher GVI was observed for dark-coloured seeds (26) than for 
light-coloured seeds (16) in the SG test.  Aging severely reduced germination velocity, light-
coloured seeds had higher GVI (5) than dark coloured seeds (3), although it was not 
significantly different.  
 
 
Figure 3.2: Germination velocity index of chicory seeds varying in seed colour (dark- and 
light-coloured) as observed in the standard germination (SG) and accelerated aging test (AA) 
 
The interaction between seed colour and seed quality test for MGT was significant (P < 0.05) 
(Figure 3.4). In the SG test MGT of dark-coloured seeds was three days, while light-coloured 
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seeds took four days. In the AA test, light-coloured seeds had a MGT of 12, days while dark 
coloured seeds had a MGT of 18 days.  
 
 
Figure 3.3: Time (days) taken by chicory seeds varying in seed colour (dark- and light-
coloured) to 50% germination in the standard germination (SG) and accelerated aging test (AA) 
 
3.3.3 Seed Imbibition 
The percentage change in seed mass was used to measure the rate of water uptake by the seed. 
Results showed highly significant differences (P < 0.001) in the interaction between seed 
colour and imbibition time (Figure 3.5). Fastest water uptake occurred within the first 15 
minutes in both seed colours. During this initial period, light-coloured seeds had a tendency to 
imbibe more water (20%) compared with dark-coloured seeds (17%), although there were no 
significant differences. Light-coloured seeds displayed a decrease in mass after 240 and 480 
minutes of water uptake, while a decline in water uptake by dark-coloured seeds was observed 
after 360 minutes of soaking seeds. Overall, the change in mass was significantly different, 
with dark-coloured seeds imbibing more water (mass increase of 44%) than light-coloured 
seeds (mass increase of 41%). 
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Figure 3.4: Percentage change in mass of chicory seeds (dark- and light-coloured) during 
imbibition 
 
3.3.4 Electrical conductivity 
There were no significant differences (P > 0.05) between the two seed colours with respect to 
leakage of electrolytes from the seed (Figure 3.6); however, dark-coloured seeds had the 
tendency of a higher electrolyte leakage (8.16 µS cm-1 g-1) compared with light-coloured seeds 
(5.25 µS cm-1 g-1). 
 
Figure 3.5: Electrical conductivity of chicory varying in seed colour (dark- and light- coloured) 
measured over a 24 h period 
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3.4 Discussion 
Visual assessment of seed colour is highly subjective (Farahani 2012) and likely to produce 
inconsistent results (Whan et al. 2014). In this study, the subjective nature of visual assessment 
made it difficult to accurately distinguish between seed colours. An objective method, such as 
image analysis can help reduce the subjective nature of visual assessment. Image analysis 
provides numerical data of an acquired image (Verma et al. 2013). Soft image analysis 
measures pixel values by utilizing hue angel, colour saturation and colour intensity. Hue is the 
measure of the dominant colour (by wavelength) as perceived by the human eye, while 
saturation refers to relative colour purity and intensity measures the brightness of colour (Lui 
and Chung 2011).  
 
Hue, saturation and intensity were highly significant between the visually identified ‘Orchies’ 
seed colour categories. Furthermore, mean separation showed dark-coloured seeds to be clearly 
different from all other seed colours with respect to hue. According to Ikonomakis et al. (2000) 
hue is the most useful characteristic for colour description and has the greatest discriminating 
power between the three values (L, a, b) because of its lower dependency on intensity.  
 
Seed colour is one of the factors influencing seed quality. Different seed colours within a 
cultivar are often associated with the harvesting of seeds at different developmental stages or 
due to genetic differences (Atis 2011; Zhang et al. 2013). Different developmental stages 
contribute to seed maturity; hence, seed colour affects seed quality. Ochuodho (2005) 
associated hue with seed maturity in Cleome gynandra. Seed colour may also be influenced by 
the concentration of phenolic compounds in the seed coat (Slattery et al., 1982; Asiedu et al., 
2000; Troszyńska and Ciska, 2002; Tango et al., 2014). The phenolic concentration of seeds 
has been linked to seed performance (Debeaujon et al., 2000; Simic’ et al., 2004; Simic’ et al., 
2005). 
 
Seed colour variation exists in several crop species. In this study, the aim was to evaluate the 
association between seed colour and seed quality with respect to seed performance during 
germination. The observed interaction between seed colour and seed quality test coupled with 
slow and delayed germination of dark-coloured seeds in the AA test showed, that seed quality 
is influenced by the physiological processes determining germination percentage, GVI and 
MGT. Therefore, even though germination may remain high in the standard germination test, 
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some deterioration may be present; as a result, vigour tests provide more information about the 
physiological quality of seed than the standard germination test (Elias and Copeland 1994).  
 
With regard to germination percentage, dark-coloured seeds performed better than light-
coloured seeds in the SG test. Previous researchers have also reported differences in seed 
performance of chicory seeds varying in seed colour. Dark chicory seeds were found to 
outperform light-coloured seeds by having higher germination percentage (Adlakha and 
Chibber 1963; Minnaar 1989, Pimpini et al. 2002). Contrary, Corbineau and Côme (1990) 
reported a higher germination percentage in light-coloured seeds than in dark-coloured chicory 
seeds. The chicory inflorescence is a raceme with five flower heads opening per day per plant 
and only one flower head per cluster is open at once; moreover, it takes 12 days until another 
flower head opens within the same flower cluster (Reaume 2010). This large time difference 
between anthesis of the first and last flower in an inflorescence could explain why seeds from 
one plant are at different stages of development. Germination differences of chicory seeds 
varying in colour have been associated with seed maturity, resulting from incomplete embryo 
development (Pimpini et al. 2002; Aiazzi 2006; Charjan et al. 2012). The flowering pattern of 
chicory could possibly contribute to differences in seed maturity and seed colour, as some seeds 
may mature on one part of the inflorescence, while other seeds continue to develop within the 
same inflorescence (McDonald and Copeland 1997). Aged seeds have a low germination 
percentage; this was observed in both seed colours following the AA test; however, dark-
coloured seeds still performed better compared with light-coloured seeds. These results are 
consistent with those for Brassica napus L. (Zhang et al. 2006), Vigna unguiculata L. 
(Marwanto (2004) and Glycine max L. Merill (Jagadish et al. 2013). The better performance of 
dark-coloured seed could be related to the high concentrations of phenolics in dark-coloured 
seeds. Phenolics play a protective role against plant stress and therefore, could provide 
tolerance to seed deterioration during artificial aging (Zhang et al. 2006). 
 
A high GVI represents a relatively high speed of seed germination, meaning a high number of 
seeds germinated per day. Aging of seeds slows germination. Differences in germination speed 
has been observed between seeds varying in seed colour in response to seed storability (Pimpini 
et al. 2002). Dark-coloured seeds germinated faster in the SG test than light coloured seeds 
(Figure 3.3). In certain species,  slower germination of light-coloured seeds is attributed to seed 
hardness; even if seeds germinate under desirable conditions, germination speed of hard seed 
is still low (Lui et al. 2007). Following the AA test, light-coloured seeds had a tendancy to 
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germinate faster than dark-coloured seeds. This is contrary to findings by Durga et al. (2014) 
who assessed storability of Macrotyloma uniflorum seeds and observed faster germination in 
light straw-coloured seeds than in straw- and black-coloured seeds. Time taken by dark-
coloured seeds to reach 50% germination (MGT) was longer in the AA test. Findings from this 
study are contrary to that by Atak et al. (2008) in Pisum sativum L. who observed shorter MGT 
of dark seeds following accelerated aging treatment compared with light and medium coloured 
seeds. Better performance of light- than dark-coloured seeds following accelerated aging could 
be attributed to high levels of free radical scavenging activity in light-coloured seeds (Selvi et 
al. 2014). 
 
Seed coat characteristics play a crucial role in the rate of imbibition; hence, speed of imbibition 
has been associated with seed colour in several crop species (Liu et al. 2007; Borji et al. 2007; 
Zhang et al. 2008). Seeds that imbibe more rapidly lose high amounts of electrolytes, 
consequently leading to cell death (Powell 1989); such seeds are known to be susceptible to 
imbibition damage (Peksen et al. 2004; Siddiqui and Khan 2010). The higher water uptake of 
dark-coloured seeds (Figure 3.5) could be attributed to the higher permeability of the seed coat; 
such a fast water-uptake by the seed has been associated with a thinner seed coat, cracking of 
the seed coat, as well as scarifying which in turn influenced water uptake (Lui et al., 2007). In 
this study, the rate of imbibition was influenced by the interaction between seed coat colour 
and soaking duration. This is consistent with finding by Ertekin and Kirdar (2010) on Gleditsia 
triacanthos, Lui et al. (2007) on Cyamopsis tetragonoloba L. Taub and Pekşen et al. (2004) on 
Vigna unguiculata L. walp seeds differing in colour. In honey locust, final water uptake of 
dark-coloured seeds explained higher germination obtained in dark coloured seeds compared 
to light coloured seeds (Ertekin and Kidar 2010). According to Siddiqui and Khan (2010) when 
seeds are imbibed in water, they not only absorbed water but some metabolites from the seeds 
are also leached into the surrounding medium; hence, the leaching of metabolites from the 
seeds could give an explanation for the change in mass at certain time intervals.  
 
The standard germination test has been found to be a poor indicator of field emergence, as it is 
conducted under controlled laboratory conditions (Salinas et al. 2010). Seed vigour tests, which 
measure the ability of seeds to establish under a wide range of environmental conditions, are 
more accurate in predicting field emergence (Khaliliaqdam et al. 2013). The EC test is used to 
determine the amount of solutes leached from seeds during imbibition (Tajbakhsh 2000) and 
high electrical conductivity of the leachate is an indicator of a greater loss in solutes from the 
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seed (Powell 1986) and, hence, poor seed quality (Ramos et al. 2012). This EC is influenced 
by seed maturity, ageing and imbibition damage (Powell 1986). Several researchers have 
associated seed colour and EC, as described in Pisum sativum L. (Nascimento 1994), 
Crotalaria juncea L. (Fabaceae) (Pascualides and Ateca 2013), Phaseouls vulgaris L. (Borji et 
al. 2007) and Trifolium pratense (Atis 2011); however, results of this study found no 
association between seed colour and EC (Figure 3.6).  
3.5 Conclusion 
The separation of ‘Orchies’ chicory seeds according to seed colour was possible using an Image 
Analysis System; further seed colour is associated with seed quality. Dark-coloured seeds had 
a higher germination percentage than light-coloured seeds; however, this did not indicate 
higher vigour. Based on the GVI results and mean germination time, the accelerated aging test 
is useful in determining storability of chicory seeds differing in seed colour. These results 
suggest the need to evaluate seed performance of chicory seeds varying in seed colour using 
different seed vigour tests. In the present study, no relationship between seed colour and 
electrolyte leakage could be established. Therefore, electrolyte leakage does not seem to be 
reliable indicator of ‘Orchies’ chicory seed vigour. Sorting chicory seeds according to seed 
colour is likely to result in separation of seed according to performance. Due to seed size this 
exercise is, however, impractical on a large scale. Therefore, in order to avoid seed quality 
differences, seed harvesting should be carried out once seeds have attained uniform seed 
colour. Future research should determine whether chicory seeds varying in seed colour differ 
in phenolic composition as well as determine whether variations in seed performance may be 
linked to differences in the phenolic concentrations. In addition, differences in seed colour 
could suggest differences in stored proteins and soluble sugar composition. Future research 
should also determine whether chicory seeds varying in seed colour differ in genetic 
composition and whether such a potential genetic variation could be aligned with seed quality. 
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CHAPTER 4 
CHICORY (CICHORIUM INTYBUS L.) SEED QUALITY RESPONSE TO SEED 
COLOUR SELECTION AND VARIOUS PRIMING METHODS  
 
4.1 Introduction 
The availability of low quality seed is one of the major obstacles to growing chicory in South 
Africa, often resulting in poor crop establishment and low yields. Poor seed quality affects 
germination and vigour, produces non–uniform plants with low plant stands (Soares 2013) 
particularly under adverse environmental conditions (Elias and Copeland 1997). Seed 
germination and seedling growth are critical stages required for successful crop production 
(Sharma et al. 2014; Aghbloghi and Sedghi 2014). A high germination rate and a high 
emergence ensure good crop establishment (Mabhaudhi and Modi 2011) and high crop 
establishment enhances crop yield (Ghobadi et al. 2012; Afzal et al. 2012). A possible solution 
to low seed quality in chicory is improving seed quality characteristics that occur prior to seed 
germination. Strategies used to improve seed germinability include seed sorting and seed 
priming (Agneiszaka 2008; Jisha 2013).  
 
Seed priming is a pre-sowing strategy used to achieve rapid germination and emergence, 
uniform emergence, improved emergence rate and seedling stand, consequently leading to 
better crop establishment (El-Araby and Hegazi 2004; Farooq 2007). Hydro-priming (soaking 
seeds in water), halo-priming (soaking seeds in organic salt solutions), osmo-priming (soaking 
seeds in osmotic solutions) and hormonal-priming (use of plant growth regulators in soaking 
solution) are some of the priming methods available. During priming, seeds are hydrated to 
allow metabolic activities necessary for imbitition to occur; however, the germination process 
is halted as radicle protrusion through the seed coat is prevented (Jahangir et al. 2009). Among 
several factors, successful priming depends on exposure duration of seeds to the priming 
solution (Nascimento et al. 2013). Hydro-priming was reported to improve germination 
percentange of chicory (Sambo et al. 2004). Dehkordie et al. (2012) found osmo-priming to 
improve germination percentage, germination index, reduce mean germination time and 
produce longer seedlings. Mohammand et al. (2010) found increased germination rate and 
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caulicle length in osmo-primed chicory seeds. Tzortzakis (2009) reported reduced mean 
germination time in hormonal-and halo-primed chicory seeds. 
 
In this study, osmo-priming using polyethyleneglycol (PEG) and hydro-priming using distilled 
water were selected to improve the low germination of chicory seeds. Hydro-priming is a 
simple, low cost, safe method that raises the capacity of seeds towards osmotic adjustment for 
improved seedling establishment and crop production under abiotic stresses by simply soaking 
seeds in water (Jisha et al. 2013). This method is easy to use and can even be applied by 
resource-constrained farmers, wishing to improve seed quality attributes of chicory. Other 
advantages of hydro-priming include the accomplishment of pre-germination processs for 
instance, the repair and synthesis of nucleic acids (DNA and mRNA), protein, restoration of 
membranes and the initation of a variety of biochemical changes and enzyme activation 
(Dastanpoor et al. 2013). Positive seed quality effects of hydro-priming on chicory have already 
been reported by Dehkordi (2012). 
 
Osmo-priming prolongs the hydration period of seeds during early imbibition, triggering 
gradual progression of various pre-germinate metabolic activities establishment (Jisha et al. 
2012). Improvement in seed performance of primed seeds has been linked to altered 
physiological condition of the embryo and release of enzymes which are involved in the 
increase availability of soluble food nutrients (Abbasi et al. 2012). 
 
Seed quality can be improved by seed priming, a pre-sowing strategy that improves 
germination by inducing a range of biochemical changes in the seed required to initiate the 
germination process, resulting in rapid and uniform seedling emergence (Arif et al. 2008). Seed 
quality of seed lots of the same species vary in their response to priming. Research suggests 
that seed coat colour maybe associated with seed quality in chicory (Minnar 1984; Corbineau 
and Côme 1999; Pimpini et al. 2002).  Seed priming of different coloured seeds has been 
reported to result in differential seed quality responses (Adebisi et al. 2011; Sinefu et al. 2011). 
It could be that, an optimal priming method varies for chicory differing in seed coat colour. 
Therefore, the aim of this study was to assess the effect of seed coat colour on germination, 
seedling growth and development of chicory in response to different priming solutions and 
durations. 
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4.2 Materials and Methods 
4.2.1. Plant material 
Chicory seeds (Cichorium intybus L. cv. Orchies) were obtained from Nestle® Estcourt, in the 
KwaZulu-Natal province of South Africa. Seeds were visually separated in to light- and dark-
coloured seeds.  
4.2.2 Experimental design and seed priming procedure 
The experiment used two seed colours (light- and dark-coloured seeds), three seed priming 
methods (hydro-priming, osmo-priming and untreated control) and three exposure durations 
(six, nine and twelve hours). For hydro–priming, seeds were soaked in distilled water at room 
temperature. Osmo-priming was achieved through use of polyethylene glycol (PEG). For 
osmo–priming, seeds were soaked at two PEG 6000 osmotic potential levels (-0.5 and -0.9 
MPa). The osmotic potential of PEG 6000 was determined according to Michel and Kaufmann 
(1973). After osmo-priming, seeds were washed thoroughly under running tap water for five 
minutes, and, thereafter, left to dry at room temperature for 48 hours (Lee and Kim 1999).  
4.2.3 Germination test 
Seeds were germinated using the standard germination test (ISTA 2011). Three replicates of 
10 seeds were germinated in 9 cm (diameter) petri dishes on Whatman No. 1 filter paper 
moistened with 10 ml distilled water. Seeds were incubated for 14 days in a germination 
chamber at 20/30°C day/night (16/8 h). The GVI (germination vigour index) indicating the 
relative speed of germination and was determined by daily records (counting the number of 
seeds that had germinated) from day one until day 14. The GVI value is higher, when more 
seeds germinate fast (fewer number of days) (Raizada and Raghubanshi 2010). Seeds were 
considered germinated upon radicle protrusion. Germination velocity index (GVI) was 
calculated according to the formula established by Maguire (1969): 
 
GVI = G1/N1 + G2/N2 +… + Gn/Nn                                                                                  Eq. 1 
Where: 
G1, G2…Gn = number of germinated seeds in first, second… last count 
N1, N2…Nn = number of sowing days at the first, second… last count 
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The mean germination time (MGT) was calculated according to Ellis and Roberts (1981): 
MGT =
𝛴𝐷𝑛
𝛴𝑛
                                                                                                                          Eq. 2 
Where:                                                                                                                  
n= the number of seed which were germinated on day D 
D= number of days counted from the beginning of germination. 
4.2.4 Seedling growth and development 
Seedlings were established in a plant growth chamber (20/30°C day/night 16/8 h) in seedling 
trays. Pine bark was used as growth medium in a factorial experiment replicated three times. 
Seeds were watered on alternate days and seedling emergence measured daily for 14 days. The 
experiment was terminated after 30 days. Seedling emergence was defined as when at least 2 
mm hypocotyls appeared from the above the soil surface. Seedling growth was assessed using 
the following parameters: Seedling shoot and root lengths (mm), fresh and dry root and shoot 
mass (g), and root to shoot ratio. A ruler was used to measure root and shoot length. To measure 
dry mass, first the root and shoot were separated, and individual parts dried at 70°C in an oven 
for 72 hours. Thereafter, root and shoot mass was determined. Mean time to emergence (MET) 
was calculated using the following formula by Bewley and Black (1994):  
MET =
𝛴  (𝑓𝑥)
𝛴𝑓
                                                                                                            Eq. 3 
Where:                                                                                                                  
f= the number of newly germinating seeds at a given time (day), and 
x= number of days from date of sowing. 
4.2.5 Data analysis 
Data was subjected to ANOVA using Genstat® (Version 18, VSN International, UK). Means 
were separated using Least Significant Differences (LSD, P = 0.05). 
4.3 Results 
4.3.1 Germination percentage 
The interaction of seed coat colour, priming solution, and priming duration significantly (P < 
0.001) affected final germination percentage (Figure 4.1). Differences in final germination of 
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seeds primed for 6 and 12 hours were not significant (P > 0.05); however, the were significant 
differences in seeds primed for 9 hours with light-coloured seeds having a lower final 
germination percentage than dark-coloured seeds. Overall, maximum germination (76%) for 
both seed colours was achieved in unprimed seeds. Priming reduced final germination of seeds 
of both colours.  
 
 
Figure 4.1: Final germination percentage of differently coloured chicory seeds when primed 
using different priming solutions at various priming durations 
 
4.3.2 Mean germination time (MGT) 
The interaction of seed coat colour, priming solution, and priming duration significantly (P ≤ 
0.001) affected mean germination time (Figure 4.2). Unprimed controls took longer to 
germinate, whilst priming seeds with PEG -0.9 MPa solution for 12 hours resulted in the lowest 
observed germination time.  Hydro-priming and osmo–priming significantly reduced MGT 
relative to unprimed controls. Priming using either hydro- or osmo-priming resulted in 
relatively similar reductions in MGT. 
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 Figure 4.2: Mean germination time of differently coloured chicory seeds when primed using 
different priming solutions at various priming durations 
 
4.3.3 Germination vigour index (GVI) 
The interaction of seed coat colour, priming solution, and priming duration significantly (P < 
0.001) affected germination vigour index (Figure 4.3). Unprimed control seeds had a 
significantly higher GVI relative to primed seeds. As individual factors, seed colour, priming 
solution or priming duration did not significantly (P > 0.05) affect GVI.  
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 Figure 4.3: Germination vigour index of differently coloured chicory seeds when primed 
using different priming solutions at various priming durations 
 
4.3.4 Mean emergence time (MET) 
The interaction of seed coat colour, priming solution, and priming duration did not significantly 
(P > 0.05) affect mean emergence time (Figure 4.4). Significant differences (P < 0.05) were 
only observed between differences in priming solution. Seeds primed using PEG -0.5 MPa had 
the highest MET (12.15 days), followed by PEG –0.9 MPa (10.53 day) and, lastly, hydro 
primed seeds (8.07 days). Unprimed controls had the lowest MET (5.48 days). 
 
 
Figure 4.4: Mean emergence time of differently coloured chicory seeds when primed using 
different priming solutions at various priming durations 
 
4.3.5 Seedling length 
The interaction of seed coat colour, priming solution, and priming duration did not significantly 
(P > 0.05) affect seedling length (Figure 4.5); however, the interaction of priming solution and 
priming duration significantly (P < 0.05) affected seedling length.  The interaction of priming 
solution and priming duration that exhibited the tallest (106.9 mm) seedlings was PEG -0.9 
ab
a
ab ab
a a
ab
a
b
b
ab
a a
b
a
a
a
ab ab
b
0
2
4
6
8
10
12
14
16
W
a
te
r
P
E
G
 -
0
.5
 M
P
a
P
E
G
 -
0
.9
 M
P
a
W
a
te
r
P
E
G
 -
0
.5
 M
P
a
P
E
G
 -
0
.9
 M
P
a
W
a
te
r
P
E
G
 -
0
.5
 M
P
a
P
E
G
 -
0
.9
 M
P
a
U
n
p
ri
m
ed
6 9 12
M
E
A
N
 E
M
E
R
G
E
N
C
E
 T
IM
E
 (
d
a
y
s)
PRIMING SOLUTION AND DURATION (h)
Dark Light
LSD (P=0.05) = 7.069 
 66 
 
MPa following nine hours of priming. Unprimed controls had the shortest seedlings (38.6 mm). 
Priming solution significantly (P < 0.001) affected seedling length. The most effective priming 
solution, in terms of improving seedling growth, was PEG -0.9 (95.0 cm), followed by PEG -
0.5 MPa (88.8 cm), and lastly water (81.6 cm). Unprimed seeds were 38.7 cm tall. 
 
 
Figure 4.5: Seedling length of differently coloured chicory seeds when primed using different 
priming solutions at various priming duration 
 
4.3.6 Shoot length 
The interaction of seed coat colour, priming solution, and priming duration did not significantly 
(P > 0.05) affect shoot length (Figure 4.6). The only factor that significantly (P < 0.05) affected 
shoot length was priming solution. The PEG -0.5 MPa solution had the tallest shoots (44.8 cm), 
followed by PEG -0.9 MPa (43.2 cm), and lastly water (36.5 cm). Unprimed controls had the 
shortest shoots (23.2 mm). 
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 Figure 4.6: Shoot length of differently coloured chicory seeds when primed using different 
priming solutions at various priming durations 
 
4.3.7 Root length 
The interaction of seed coat colour, priming solution, and priming duration did not significantly 
(P > 0.05) affect root length (Figure 4.7); however, the interaction of priming solution and 
priming duration highly and significantly (P < 0.001) affected root length.  This was largely 
due to seed coat colour differences not having a significant (P> 0.05) influence on root length. 
The interaction of priming solution and priming duration that exhibited the highest (58.6 mm) 
was PEG -0.9 MPa solution at nine hours priming duration. Unprimed controls had the lowest 
seedling length (15.5 mm). This trend was similar to seedling length of unprimed controls. 
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Figure 4.7: Root length of differently coloured chicory seeds when primed using different 
priming solutions at various priming durations 
 
4.3.8 Fresh mass, dry mass and root to shoot ratio 
The interaction of seed coat colour, priming solution, and priming duration did not significantly 
(P > 0.05) affect fresh mass (Figure 4.8); however, the interaction of priming solution and 
priming duration significantly (P < 0.05) affected fresh mass. Following priming for nine hours 
and, priming in PEG -0.9 MPa resulted in the highest fresh mass (0.3700 g). Unprimed controls 
had the lowest mass (0.1583 g). The interaction of priming solution and seed coat colour also 
significantly (P < 0.05) affected fresh mass. Dark-coloured seeds, primed using PEG -0.5 or 
PEG -0.9 MPa had the highest fresh mass (0.3233 g). Both unprimed controls had the lowest 
fresh mass (dark-coloured seeds, 0.1067 g; light-coloured seeds 0.21). 
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Figure 4.8: Fresh mass of differently coloured chicory seeds when primed using different 
priming solutions at various priming durations 
 
There was no single factor nor interaction of factors, which significantly affected differences 
in dry mass (Figure 4.9). Light-coloured seeds primed using water for six hours had the highest 
fresh mass (0.053 g). This finding was probably an outlier, given that all other treatments were 
within similar ranges; and given that dark-coloured, water-primed seeds were also within that 
range. Unprimed controls had the lowest dry mass (dark-coloured seeds, 0.0175 g; light-
coloured seeds, 0.0173 g). 
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Figure 4.9: Dry mass of differently coloured chicory seeds when primed using different 
priming solutions at various priming durations 
 
The interaction of seed coat colour, priming solution, and priming duration did not significantly 
(P > 0.05) affect root to shoot ratio (Figure 4.10). The only factor that significantly (P < 0.05) 
affected root to shoot ratio was priming solution. Priming seeds using PEG -0.9 MPa had the 
highest root to shoot ratio (1.391), followed by water (1.367), and lastly PEG –0.5 MPa (1.067). 
Unprimed seeds had the lowest root to shoot ratio (0.748). 
 
 
Figure 4.10: Root to shoot ratio of differently coloured chicory seeds when primed using 
different priming solutions at various priming durations 
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4.4 Discussion 
The aim of this study was to determine the effect of seed coat colour on seed quality of chicory 
in response to different priming solutions and priming durations to establish, if dark- and light-
coloured seed responded differently to priming, so as to improve germination and crop 
establishment. 
4.4.1 Seed germination and vigour  
Priming significantly and negatively impacted germination of chicory seeds. The findings are 
contrary to those by other authors (Tzortzakis 2009; Dehkordi et al. 2012), who found osmo-
priming and hydro-priming to improve the seed germination percentage of chicory. The reason 
for decreased final germination percentage observed in the study could not be explained.  
 
Regarding MGT, hydro-priming and osmo-priming significantly reduced MGT relative to 
unprimed controls with comparable reductions between the two priming methods. Selecting 
for differences in seed coat colour or priming time did not significantly affect improvements 
in MGT that are due to seed priming. These results suggest that seed priming pre-sowing 
treatment could be a useful tool to reduce the time to seed germination of chicory. Similar 
findings have been reported by Soughir et al. (2012) and Aymen and Cherif (2012) who 
reported a significantly improved MGT following priming of fenugreek (Trigorella foenum-
graecum) and safflower (Carthamus tinctorius) with various solutions and priming durations.  
 
A seed lot showing higher seed vigour index is considered to be more vigorous. In this study, 
osmo-priming and hydro-priming improved GVI similarly, irrespective of seed coat colour and 
priming duration. This suggests that using either hydro-priming or osmo-priming as a pre-
sowing seed treatment can significantly and exponentially improve seed vigour. To save input 
costs and improve GVI, two recommendations can be derived from this study. Firstly, sorting 
seeds according to seed colour is not recommended before the application of priming 
treatments. Secondly, priming duration of six hours suffices to save time and other inputs.  
4.4.2 Seedling establishment: Seedling growth 
In crop production, appropriate seedling emergence is important for obtaining good crop 
establishment and optimum plant population. Faster emergence is crucial for successful crop 
establishment (Nawaz et al. 2013). The use of different priming solutions significantly 
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increased MET. Osmo-primed seeds took longer to emerge than hydro-primed seeds. Similar 
to this study, Ahmadi et al. (2007) in lentil (Lens culinaris) and Ghassemi-Golezanik et al. 
(2008) in wheat (Triticum aestivum) found hydro-priming to be more effective in accelerating 
time to emergence than osmo-priming. Rapid emergence of hydro-primed seeds could be 
related to faster imbibiton and earlier initation of metabolic processes than osmo-primed seeds 
(Ghassemi-Golezanik et al. 2008). In addition, osmo-priming with PEG may negatively affect 
the synthesis and degradation of proteins due to its viscous nature, resulting in delayed 
respiration during germination (Ahmadi et al. 2007).  
 
For successful crop establishment, rapid development of the root and shoot system is important 
as it enables seedlings to capture, preserve, and use growth inputs from the soil and atmosphere 
(Aguirre and Johnson 1991). Overall, seedling length was significantly improved by the 
interaction of priming solution and priming duration. The most effective priming solution was 
PEG -0.9 MPa, with water showing the least, yet significant, improvement in seedling length. 
The trend in effectiveness of priming on seedling growth was similar to that of root growth. 
Therefore, to improve seedling water capture in the soil, osmo-priming is recommended, where 
affordable.  
 
The shoot portions of the crops is where plants derive the canopy, which is the photosynthetic 
portion of the crop. When separating seedling length to its root and shoot component, results 
showed that shoot length was significantly affected by priming solution. The trend was similar 
to results of seedling length in that osmo-priming was more effective in improving shoot length 
compared to hydro-priming. This suggests that osmo-priming is the best treatment for 
improving the ability of a seedling to exploit the available water, thereby improving seedling 
establishment. The difference in the trend was that PEG -0.5 was more effective than PEG -0.9 
MPa in improving shoot length. 
4.4.3 Seedling establishment: Seedling mass  
Seedling fresh mass has been a profound impact on a crop’s ability to survive and grow after 
planting (Garcia et al. 1994). The interaction of priming solution and priming duration 
significantly (P< 0.05) improved seedling fresh mass. Unprimed controls had the lowest 
seedling fresh mass. Priming seed for 9 h in PEG -0.9 MPa resulted in the highest fresh mass. 
The interaction of priming solution and seed coat colour also significantly improved fresh 
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mass. Dark-coloured seeds, primed using PEG -0.5 or PEG -0.9 MPa had the highest fresh 
mass. This suggests that osmo-priming was more effective than hydro-priming in improving 
biomass accumulation. Seedling dry mass translates directly to how much of the seedling is 
actual solid biomass. This indicates conversion of inputs into actual crop biomass. 
Unfortunately, improvements in seedling establishment due to pre-sowing seed priming did 
not translate to significant improvements in dry mass. This suggests that improvements in seed 
germination and vigour, seedling establishment, and seedling fresh weight may not necessarily 
translate to improvements in biomass accumulation in chicory. Similar to this study, Ghassemi-
Golezanik et al. (2011) found priming not to be effective in improving seedling dry mass in 
soybean.  
 
The root to shoot ratio indicates the partitioning of photosythates between roots and shoots 
(Rogers et al. 1996). The only factor that significantly (P< 0.05) affected root to shoot ratio 
was priming solution. The most significant improvements in root/shoot ratio were observed, 
when osmo-priming with PEG -0.9 MPa solution, and the least significant improvement when 
osmo-priming with PEG -0.5 MPa solution. Benefits of hydro-priming on increasing root/shoot 
ratio were moderate. This means that both, hydro- and osmo-priming employed in this study 
are likely to favour increasing canopy development and light capture efficiency, compared with 
the significantly higher water and nutrient uptake in unprimed controls. This is probably due 
to seed priming methods employed in this study which had already exhibited significant 
increases in root length, therefore minimising trade-offs and negative impacts that a high root/ 
shoot ratio might have on water and nutrient capture (Silva et al. 2012). 
4.5 Conclusion 
Osmo- and hydro-priming chicory seeds improved seed quality through improvements in seed 
vigour (GVI) and time to germination (MGT); however, deleterious effects were observed on 
final germination percentage. Osmo-priming resulted in relatively high improvements in 
seedling length, shoot length, fresh mass and root to shoot ratio compared to hydro-priming. 
Despite osmo-priming proving a more effective method of combating seed quality issues in 
chicory, hydro-priming remains an affordable, effective pre-sowing treatment for chicory 
seeds. Priming improved seedling establishment (seedling length, shoot length, root length, 
fresh mass, root to shoot ratio), without significant improvements in biomass accumulation. 
The benefits of improved seedling establishment may potentially be significant and noticeable 
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on biomass accumulation under stress conditions or during later growth stages. It is, therefore 
important to conduct field trial experiments to conclusively determine effects of seed priming 
on chicory growth, development and yield. 
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CHAPTER 5 
DETERMING THE OPTIMAL PLANT STAND FOR ROOT CHICORY 
(CICHORIUM INTYBUS L.) WITH RESPECT TO SEED COAT COLOUR AND 
WEED MANAGEMENT 
5.1 Introduction 
Chicory is a root crop from which a caffeine-free coffee substitute can be produced; the crop 
is, hence, important to the human diet in the 21st century. Other uses of Cichorium intybus 
include animal feed stocks and leaf consumption through of various botanical varieties of the 
species. Currently, 80% of root chicory consumed in South Africa is imported from India 
(Nestlé 2012); however, there is interest in increasing local production. A strategy to achieve 
this is the inclusion of smallholder farmers in chicory production. Smallholder farmers are 
largely characterised by traditional, low input farming systems (FAOSTAT 2013). These 
characteristics impact majorly on crop management decisions. This necessitates development 
of best management practices for chicory production that accommodate smallholder farmers. 
Various agronomic determinants, such as planting density, weeding frequency and method and 
seed selection form part of crop management strategies that can be considered by farmers to 
improve yield and quality of the end product. 
 
Weeds compete with crops for resources, and can suppress crop growth and, subsequently, 
yield (Alfakpui and Bolfrey-Arku 2007) when resources are in short supply (Park et al. 2003). 
Smallholder farmers prefer hand-weeding due to financial and resource constraints. Lack of 
weed control can result in a substantial reduction in quantity (root yield) and quality 
(harvestable roots) in chicory (Schnieders 1999). Chicory is highly susceptible to weed 
competition during early growth stages, when plants are relatively small and are, therefore, 
poor weed competitors (Baert and Van Bockstaele 1993). Weed suppression generally 
increases with plant canopy and crop growth. Early crop establishing cultivars, high plant 
populations, narrow crop rows and mechanical cultivations are tools that can be incorporated 
into successful weed management strategies for root chicory production (Wilson et al. 2004). 
 
Seed coat colour forms part of the seed selection criteria by farmers in many crops as seed coat 
colour can be associated with differences in plant metabolites and growth characteristics under 
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variable environments (Chibarabada et al. 2015). Research on whether chicory seed coat colour 
is associated with differences in growth and development characteristics seems to be lacking; 
however, research on other crops suggests that there might be a link. For instance, Chibarabada 
et al. (2015) observed differences in seed quality and crop growth, development and yield of 
different seed coat colours for Bambara groundnut. It could also be, that the different seed coat 
colour in chicory relates to differences in seed maturity; hence, differences in colour reflect in 
seed quality and vigour variation. Therefore, it is important to establish potential effects of seed 
coat colour on growth and development of chicory. More so, when the seed available is of 
different seed quality, the choice of certain seed is necessary to increase the productivity of 
chicory.  
 
Manipulation of planting density in chicory can influence yield, canopy development and weed 
growth by manipulating crop competition for resources (Asghari et al. 2009a; Asghari et al. 
2009b; Zafarbakhsh et al 2011; Panandeha et al. 2012; Asghari and Farahani 2014). Previous 
studies have reported environmentally specific variations in optimal planting density, with a 
consensus on 150 000 chicory plants per hectare as an optimal planting density (Baert and Van 
Bockstaele 1993; Asghari et al. 2009b). The genotype and the environment in which a plant is 
grown determine the production efficiency of a plant. Thus, specific planting populations have 
to be determined for new production sites and these should be included in best management 
recommendation to farmers. This study aimed at determining optimal planting population with 
respect to seed coat colour and weed management strategies.  
5.2 Materials and methods 
Chicory (Chicorium intybus L.) seeds from obtained from Nestle® Estcourt, KwaZulu-Natal 
and sorted according to seed colour into dark-, light- and mixed-coloured seeds. The chicory 
cultivar used in this study was ‘Orchies’. 
5.2.1 Site description 
A field experiment was planted at Ukulinga Research Farm [30°24'S, 29°24'E, 805 m above 
sea level (a.s.l)] from March to September under rain-fed conditions during the 2014/15 season. 
The farm is situated in Mkondeni, Pietermaritzburg, in the subtropical hinterland of KwaZulu-
Natal province. Ukulinga represents a semi–arid environment and the soil is classified as 
Arcadia form, Lonehill family (Soil Classification Working Group 1991). Rain falls mostly in 
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summer, between September and April with rainfall distribution variying during the growing 
season (Swemmer et al., 2007), but the bulk of rain falls in November, December and early 
January. Occasionally, light to moderate frost occurs in winter (May - July).  
5.2.2 Experimental design 
The experiment was laid out in a split–split plot design, with three factors replicated three times 
in a completely randomized block design. The main factor was weeding strategy, with two 
levels: hand-weeding plus herbicide and hand-weeding only. Planting density was a sub-factor 
with three levels: 100000 (low), 150000 (mid), and 200000 (high) plants per hectare. The third 
factor considered was seed colour, separated into dark-, light- and mixed-coloured seeds. Seed 
colours were separated visually into different catergories, as differences were very distinct. The 
pre-emergence herbicide benfluralin (Balan®, Dow Agro-Sciences) was applied at 3 L ha-1 
three weeks prior to planting. Application was carried out with a knapsack sprayer fitted with 
a flat fan nozzle. Plots were hand-weeded using hand-hoes at two and 10 weeks after planting.  
Low, mid and high planting densities were achieved by hand-sowing seeds at 0.2 m x 0.5 m, 
0.15 m x 0.5 m, and 0.1 x 0.5 m intra-row and inter-row spacing, respectively. Seeds were 
sown at a planting depth of 5 cm into the soil.  Individual plots were 1.5 m length by 2 m 
breadth. Main plots were 5.5 m length by 8 m breadth with 1 m pathways in between plots.  
5.2.3 Agronomic practices 
Before planting, the fallow land was ploughed, disked and rotovated. From planting to 
emergence, plots were irrigated to facilitate intial establishment. Irrigation was applied three 
times a week at 12 mm per application event. Prior to planting, soil samples were analysed for 
fertility. Based on the analysis, phosphorus (212 kg ha-1) was applied as solid NPK 2:3:2 (22) 
and the balance of nitrogen (125 kg/ha-1) was applied as lime-stone ammonium nitrate LAN 
(28% N). 
5.2.4 Observations 
Data were collected on the middle row of the plot while the boarder rows were excluded from 
data observations.  Recorded data included leaf number per plant, plant height, and leaf area 
index (LAI) at various time intervals (66, 75, and 120 days after planting) during the growing 
season from five representative plants per plot. Leaf number was observed as the number of 
fully formed, fully unfolded leaves with at least 50% green area.  Plant height was measured 
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using a tape measure from the soil surface to the tip of the youngest leaf. Leaf area index (LAI) 
was measured using the AccuPAR LP80 Ceptometer (Decagon Devices, USA) at midday (12 
noon - 2 pm).  
 
Harvesting chicory roots is usually carried out from 20 to 28 weeks after planting. Harvest 
maturity was defined as the time when plants were 20 weeks old. Upon harvest maturity, fresh 
roots in the experimental plot were harvested and the total fresh biomass was determined. 
Thereafter, five plants per plot were sampled for the determination of root fresh and dry weight. 
Roots and shoots were separated and individual fresh mass was determined. Root diameter was 
measured on the shoulder of the root. Roots and shoots were then oven-dried for four days at 
85°C. Total biomass, root and dry root yield per plot were calculated as a function of planting 
density. 
5.2.5 Statistical analysis  
Recorded crop parameters were subjected to analyses of variance (ANOVA) using GenStat® 
18th edition (VSN International, UK) to observe the difference between treatments and across 
time period. Means were separated using least significant differences (LSD, P = 0.05). 
5.3 Results  
The interaction of planting density, seed coat colour and weeding method (overall interaction) 
was only significant (P ≤ 0.05) for biomass plot yield, and not significant (P > 0.05) for all the 
other data parameters collected. Despite the overall interaction not being significant for most 
parameters, individual factors and two-way interactions were significantly different for 
selected parameters. 
5.3.1 Canopy characteristics 
Leaf number was significantly (P < 0.05) affected by the interaction of seed coat colour and 
weed control method (Figure 5.1). Hand-weeded chicory had a higher leaf number than when 
herbicide plus hand-weeding was used. Under the latter treatment, leaf number for dark-seeded 
chicory had the lowest number of leaves followed by plants from light-coloured seeds, while 
mixed-coloured seed produced plants with the highest leaf number. Under hand-weeding, dark 
coloured seed had a tendency to produce the lowest leaf numbers followed by plants from 
mixed-coloured seeds, while light-coloured seed had the highest leaf number (Figure 5.1). On 
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the other hand, LAI was significantly affected by the interaction of seed coat colour, plant 
populations and weeding for the two observed time intervals (Figure 5.2). Overall, chicory 
grown under medium plant population had the highest LAI relative to low and high plant 
populations when the treatment of herbicide plus weeding was applied. On the other hand, and 
contrary to herbicide plus hand weeding, the highest LAI under hand weeding was observed 
under low plant populations (Figure 5.2). Mixed-coloured seed had the highest LAI across both 
weeding treatments. At 66 days after planting, chicory grown under hand-weeding had the 
highest LAI. At 75 days after planting, high plant population had the highest LAI under 
herbicide plus hand-weeding while the lowest LAI was observed under low planting density. 
When herbicide plus hand-weeding was applied, dark seeds produced the shortest plants 
(Figure 5.3), while light-coloured seeds produced taller plants and mixed-coloured seed had 
the tallest ones. Under hand-weeding, darkcoloured seeds resulted in the tallest plants followed 
by plants from light-coloured seeds, while mixed-coloured seeds produced the shortest plants. 
 
 
Figure 5.1: Comparison of chicory leaf number in response to the interaction of weeding 
method (herbicide plus hand-weeding, and hand-weeding only) and seed colour (dark-, light- 
and mixed-coloured seeds) 
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Figure 5.2: Comparison of chicory leaf area index in response to the interaction of weeding 
method (herbicide plus hand weeding, and hand-weeding only), seed colour (dark-, light- and 
mixed-coloured seeds) and planting density (low, mid, and high) measured 66 (A) and 75 (B) 
days after planting 
 
 
Figure 5.3: Comparison of chicory plant height in response to the interaction of weeding 
method (herbicide plus hand weeding, and hand-weeding only) and seed colour (dark-, light- 
and mixed-coloured seeds) 
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5.3.2 Chicory biomass and biomass plot yield 
Total biomass per plant was not significantly (P > 0.05) affected by the overall interaction of 
weeding method, seed coat colour and planting density (Figure 5.4a); however, total biomass 
per plant was highly and significantly (P < 0.001) affected by the interaction of weeding 
method and seed coat colour (Figure 5.4b). Biomass plot yield was significantly affected by 
the overall interaction of weeding method, seed coat colour, and planting density. High planting 
density had relatively high yields, while low yields were recorded under low planting density.  
 
 
 
Figure 5.4: Total biomass (A) and total plot yield (B) of chicory under different weeding 
method (herbicide plus hand-weeding, and hand-weeding only), seed colour (dark-, light- and 
mixed- coloured seeds), and planting density (low, mid, and high) interaction 
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5.3.3 Root yield related parameters 
Root number, average root diameter, root dry weight and fresh root plot yield and dry root plot 
yield were not significantly (P > 0.05) affected by the overall interaction of weeding method, 
seed coat colour, and planting density (Figure 5.5 a–f); however, the interaction of weeding 
method and seed coat colour significantly (P < 0.05) influenced average root weight, average 
root diameter and dry root plot yield; and significantly (P < 0.001) affected root number, total 
root weight and root plot yield.  
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Figure 5.5: Root number (A), total root mass (B), average root mass (C), root plot yield (D), 
root dry mass (E), and dry root plot yield of chicory under different weeding methods (herbicide 
plus hand-weeding, and hand-weeding only), seed colour (dark-, light- and mixed-coloured 
seeds), and planting density (low, mid, and high) interaction 
 
5.4 Discussion 
Commercial herbicides are synthetic compounds that act on specific biochemical reactions or 
cause specific biochemical reaction of leafy green plant matter. While these may be crop-or 
species-specific, it has been observed that there are some reactions that can affect optimum 
functioning of non-target crop species. This could explain why leaves of chicory grown under 
herbicide plus hand-weeding had fewer leaves. Similar results of growth retardation have been 
observed by Ahuja et al. (2015) for Avena fatua growth rate and by Park et al. (2015) on 
Lactuca sativa (lettuce).  
 
Biomass was significantly affected by seed coat colour and weeding (Figure 3.4). Seeds of 
different colours can be found among fruit in the same developmental stage or due to 
differences in the developmental stage. This may result in differences in seed quality and 
vigour. Darker seeds of chicory produced plants of the smallest canopy size based on leaf 
number (Figure 3.1), LAI (Figure 3.2) and plant height (Figure 3.3); suggesting that these seeds 
had less vigour. When dark seed colour was coupled with herbicide application, an even smaller 
canopy, in comparison with light- or mixed-coloured seed resulted. These observations are 
similar to those reported by Chibarabada et al. (2014) for dark-seeded bambara in comparison 
with the light-seeded ones. The inflorescence structure of chicory (capitual) could possibly 
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contribute to differences in seed maturity and could be aligned with the seed coat colour; some 
seeds of the inflorescence are already while other seeds continue to develop within the same 
inflorescence structure (McDonald and Copeland 1997).  
 
The observed results of chicory biomass could be attributed to the observed plant canopy 
characteristics under the different treatments, as treatment combinations that resulted in larger 
canopy structures also produced the highest root biomass. A large canopy suggests that a plant 
can capture more light energy and is able to assimilate more carbohydrates and is able to 
translocate them from the leaves to the sink organ, the root. A large canopy can intercept solar 
radiation well, allowing photo-assimilates to be produced. These results imply that the use of 
either light- or mixed-colour seed in combination with hand-weeding can significantly improve 
biomass yield of chicory. 
  
Despite plant biomass not being significantly affected by the overall interaction of weeding 
method, seed coat colour and plant density, increasing the number of plants per given space 
significantly improved chicory total yield. This would suggest that the recommended optimum 
plant densities of chicory may be low for the environment in which it was grown. Dark-
coloured seeds performed poorly with regard to total biomass and total plot yield, when 
herbicide plus hand-weeding was applied; however, these seeds outperformed the light- and 
mixed-coloured ones when herbicide application was not included as part of the weeding 
strategy. This suggests that herbicide application has differential effects on chicory based on 
seed colour, and further research is required to gain insight into the mechanisms of this 
interaction. In general, total biomass and biomass plot yield were higher, when herbicide plus 
hand-weeding were applied compared with the weeding only treatment. 
 
Although the application of herbicide retarded growth, it was apparent that it significantly 
improved chicory yield components (Figure 3.5). Regardless of seed coat colour and planting 
densities, it could be that herbicide application increased the overall harvest index (HI) by 
reducing partitioning of biomass to vegetative organs and directing carbohydrates to the root 
as the main storage organ. Harvest index is the ratio of reproductive yield to total plant biomass 
which measures the efficiency of photosynthate partitioning to harvestable product (Gur et al. 
2010). The current drive for most agricultural crops is to increase the harvest index to increase 
productivity. The effect of herbicide on harvest index has been observed by Beigzadeh et al. 
(2013) who observed an increase in HI for pea. 
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5.5 Conclusion 
The interaction of planting density, seed coat colour, and weeding method was only significant 
for total plot yield, and insignificant for the tested canopy, biomass and root yield 
characteristics.  This suggests that no optimal crop stand exists with regard to the tested 
weeding methods and seed coat colour, with the exception of biomass plot yield.  If the 
agronomic parameter of interest is biomass plot yield, however, the optimal plant density would 
be 200 000 plants ha-1.  Herbicide application tended to reduce agronomic performance in dark-
coloured seeds, suggesting that further research is required to determine the effect of herbicide 
application on different chicory seed coat colours. 
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CHAPTER 6 
GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 
The availability of low quality seed is one of the major problems to chicory growing, often 
resulting in poor stand establishment and low yields. In addition, benfluralin, a herbicide 
controlling grass weed species is currently the only product registered in South Africa for weed 
control in chicory, no herbicides are available for broadleaf weed control therefore, economic 
yields are often not achieved. Hence, this study was aimed at investigating the association of 
seed colour variation and seed quality. The study was also aimed at assessing the response 
chicory seeds varying in seed coat colour to seed priming and to examine the influence of seed 
coat colour on the optimal plant population of chicory under two weed management practices. 
6.1 Seed quality 
Dark-coloured seeds are possibly more mature than light-coloured seeds as shown by the 
germination and GVI. However, shorter time taken by light-coloured seeds to reach 50% 
germination following the AA test could be linked to high levels of antioxidant properties for 
seed storability (Selvi et al. 2014). Greater water uptake of dark-coloured seeds than light-
coloured seeds could be possibly associated with the permeability of the seed coat to water and 
this could be linked to thinner seed coats, seed coat cracking and scarifying which in turn 
influenced water uptake Lui et al. (2007).  
6.2 Seed priming 
The study showed that priming chicory seeds improves seed quality. The choice of priming 
solution depends on the availability of resources. Osmo-priming was more effective in 
improving seed quality of chicory however where resources are limiting hydro-priming is also 
effective.   
6.3 Optimal plant population 
Crop establishment in chicory was erratic and for yield maximisation, this study recommends 
optimal plant density as 200 000 plants ha-1. With respect to weed control method, it was 
observed that the registered herbicide affects the performance of dark coloured seeds. 
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6.4 Conclusions 
To improve the overall seed quality of chicory there is need to develop cultivars that produce 
seeds that mature at the same time. In addition, there may be need to improve and introduce 
seed production strategies that ensure uniformity during chicory seed production. Future 
research should determine whether chicory seeds varying in seed colour differ in phenolic 
composition as well as determine whether variations in seed performance may be linked to 
differences in the phenolic concentrations. Differences in seed colour could suggest differences 
in seed proteins and soluble sugar composition. Future research should also determine whether 
chicory seeds varying in seed colour differ in genetic composition and whether such a potential 
genetic variation could be aligned with seed quality. With respect to priming duration, results 
were inconclusive suggesting the need for further research. In addition, it is important to 
conduct field trial experiments to conclusively determine effects of seed priming on chicory 
growth, development and yield. With regards to the effect of herbicide application on seeds 
differing in seed coat colour, results suggest the need for further research on this effect.  
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